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The Effect of Eiiterogastroiie on tlie Oastric 
Secretion of the Cat Stimulated hy Continuous 
Administration of Histamine. 

By 

BORJE UVNAS. 

Received 29 September 1947. 


It is an establislied fact that neutral fats inbibit gastric secretion 
■when reaching the duodenum and the upper part oi thciciunum. 
Feng, Hou and Lim (1929) showed on dogs with autotransplantcd 
and consequently denervated subcutaneous pouches that the in- 
hibitory mechanism was mediated by the release of an inhibitory 
hormone, euterogastrone, from the intestinal mucosa. Lui and 
co-workers (1930, 1933), Ivy and co-workers (1937, 19IG) and others 
extracted from the duodenal and upper jejunal mucosa of hogs 
a material that inhibits the gastric secretion in dogs. The active 
principle is claimed to be identical with euterogastrone. The 
preparations also inhibit gastric motility. AVliether the inhibitory 
effects are due to one or two agents is still obscure (Ivy cl al. 
1947). The euterogastrone preparations are considered to contain 
still another active factor — “an ulcus preventing principle”. 
This agent is claimed to reduce the ulcer frequency of Mann- 
WiUiamson dogs as well as favour ulcer healing in man (Ivy 
1944, Greengabd et al. 1946). There seems to be no relationship 
between the secretory-inhibitory and the ulcer-healing effect of 
the euterogastrone material (Ivy and co-workers 1944, 1946). 

Gray, Bradley and Ivy developed a biological assay method 
for euterogastrone. Bogs with total stomach pouches were used 
A moderate gastric sewetion was obtained by “continuous” admi- 
nistration of histamine. It was injected subcutaneously in small 

1^80444. Acta phys. Scandmav. Vol. 15. 
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doses every 10 minutes. Enterogastrone was given intravenously 
and its activity calculated in dog units. A dog unit is defined as 
the quantity of enterogastrone that on a medium sized dog (10—12 
kg) causes a reduction of the secretion of HCl to 50 %. These 
authors reported that the inhibitory effect of enterogastrone was 
seen within 10 minutes after the injection and lasted for 2 — i 
hours. Greengard et al. (1946) slightly modified the assay 
method. A total pouch dog was given 0.5 mg histamine sub- 
cutaneously and the total secretion during the following 2 hours 
was measured. A new histamine dose and enetrogastrone intra- 
venously was then given. The quantity of enterogastrone that 
reduced the HCl output during the second secretory period to 
50% was said to contain a dog unit. 

According to Bjorkman et al. (1943) it is possible to obtain a 
practically constant gastric secretion in cats by continous intra- 
venous infusion of histamine. It was therefore considered to be of 
interest to investigate the effect of enterogastrone on the cat’s 
gastric secretion eHcited in this way. 


Experimental. 

The experiments were performed on cats under chloralose-urethane 
anaesthesia (50 mg chloralose and 500 mg urethane per kg). The gastric 
juice was collected by a cannula inserted into the stomach (Uvnas 
1945). The volume, and the free and total acidity of the juice were 
determined in 15 minutes periods of secretion. Titrations were made with 
N/10 NaOH and Topfer’s solution and phenolphthalein as indicators. 
The histamine was injected continuously intravenously, and concentra- 
tions yielding a small or moderate secretion were used. Enterogastrone 
was given intravenously. 

Enterogastrone’- prepared and assayed according to Greengard 
et al. (1946) was used. 


Results. 

Eour different enterogastrone preparations were tested in 15 
experiments.- In none of these experiments was any inhibitory 
effect observed. Neither the volume, nor the acidity decreased. 
On the contrary a distinct potentiating effect was almost always 
seen after the administration of 10 to 260 mg of the material. The 
secretory outflow increased but the acidity remained unchanged. 

' Enterogastrone material assayed for its inhibitory potency was generously 
supplied by Dr. Greengard as well as by the Upjohn Company. Kalamazoo. Mich. 
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Fig. 1. Cat 3.0 kg. Gastric secretion in mi per 15 minutes under continuous histamine 
infusion. The effect of enterognstrono administered intravenously. 
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Fig. 2. Cat 3.2 kg. Effect on blood pressure and pancreatic secretion by injection 
of 50 mg enterogastrone intravenously. 


results -were the same regardless of wliicli secretory rate was 
chosefi between 1—5 ml per 15 minutes, . 

One experiment is shown in figure 1. A moderate secretion was 
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obtained by tlie continuous administration of 4 y histamine di- 
chloride per kg body weight and minute. The injection of 100 
mg enterogastrone material (2 dog units) caused a distinct in- 
crease of the secretion that returned to the basal level in 45 
minutes. A second enterogastrone injection of 250 mg gave a sim- 
ilar response. Continuous intravenous injection of 150 mg entero- 
gastrone failed to cause any inhibition. Possibly there was a 
sbght increase. 

Enterogastrone material injected alone did not cause any gastric 
secretion. Large doses (50 mg and more) caused a short lasting 
contraction of the stomach. The increase of the secretory outflow 
was not, however, due to this phenomenon as the increase lasted 
for 30 — 45 minutes and was observed also after small doses that 
did not affect the gastric motility. 

The preparations contained vasodepressor acting material 
(fig. 2) but apparently no histamine since it did not contract the 
guinea pig ileum as does histamine. The content of secretin was 
rather high as the pancreatic secretory response to enterogastrone 
amoimted to about a tenth of that elicited by a commercial 
secretin material (Pancreotest, Astra). 


Comments. 

Enterogastrone material found to cause a pronounced inhibi- 
tion of the gastric secretion in total scomach pouch dogs does not 
inhibit the histamine-induced gastric secretion of the cat. The 
reason for this difference between the two species is obscure. It 
might be due to fundamental differences in the gastric secretory 
mechanism of the dog and the cat. It is observed for instance 
by Roth and Ivy (1944) that caffeine stimulates the gastric secre- 
tion in cats but not in dogs. On the other hand in the cat the in- 
hibitory effect of the enterogastrone material might be coun- 
teracted by concomitant impurities. As observed the preparations 
contain vasodepressor acting material as well as secretin. Koma- 
Bov (1942) as well as Uvnas (1945) have observed a secretory ef- 
fect of preparations from the duodenal mucosa, the secretory 
agent possibly being gastrin. As the preparation of enterogastrone 
involves the precipitation of the active material from acid duodenal 
extracts with sodium chloride, tannic acid, picric acid' and ace- 
tone, a contamination with gastrin should be susnected. A small 
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gastrin contamination could possibly explain the lack of inhibitory 

potency as well as the small potentiating effect of the materiaL 
Kosaka and Lim obtained an inhibitory principle faom HCl- 
extracts also of the colon mucosa. As no humoral inhibitory 
mechanism is known to be mediated by the presence of fat or other 
substances in the colon a further purification of the enterogastrone 
material and continued investigation of its inhibitory action on 
different animal species is necessary to establish the identity of 
the inhibitory agent with the physiologically occurring inhibitory 
substance. 


Summary. 

Enterogastrone prepared according to Greengaed et al. does 
not inhibit the gastric secretion of the anaesthetized cat stimulated 
by the intravenous infusion of histamine. 

These experiments were started during my stay with Dr. A. 
C. Ivy, the Department of Physiology, Northwestern University, 
Chicago, III., U. S. A. I am greatly indepted to Dr. IvY for his 
kind interest and great generosity during the months I worked 
in his laboratory. 
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Tlie Effect of Atrcijine, Scopolamine and some 
Related Synthetic Drugs on the Insulin Induced 
(xastric Secretion of the Dog. 

By 

GUNNAR STROM and BORJE UVNAS. 

Received 29 September 1947. 


As observed already by Pavlov and bis associates atropine 
inhibits the gastric secretion induced by electrical stimulation 
of the vagi, by sbam feeding, or by a meal. It inhibits the gastric 
as well as the intestinal secretory phase (Savich and Zeliony 
1911 — 12, Ivy, Lim and McCabthy 1925, IFebsteb and Ab- 
MOUB (1932). In high doses atropine considerably depresses the 
secretary effect of histamine (Keeton, Luckhabdt and Koch 
1920, Gbay 1937, Atkinson and Ivy 1937). As histamine is 
considered to elicit gastric secretion by a direct action on the 
perietal cells atropine “besides its autonomic blocking effect 
must act on the secretory cells” (Atkinson and Ivy). 

The reports on the effects of therapeutic doses of atropine 
and belladonna preparations on the gastric secretion of man 
are conflicting. Some investigators find a decrease of both vo- 
lume and acidity, others find the volume reduced but the acidity 
unchanged or even raised and many report no significant change 
of the secretion. Among recent investigators Nyman (1943) 
observed that atropine possessed a considerable inhibitory effect 
on the histamine induced gastric secretion of man. 

In recent years several synthetic substitutes for belladonna 
alcaloids have appeared on the market. Numerous investiga- 
tions dealing with their spasmolytic action, and a few reports 
on their influence on the salivary secretaion have been pubHshed. 
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Q w .nv have dealt with the effect on the gastric secretion. 
Scarcely any studied the inhibitory potency of 

trolTnovatropine and methatropine on the secretion of 
Pavfov pouch dogs and on man. The gastric secretion was evoked 
by a meal or the subcntaneons injection of histamine. They o 
Ipfne to he as potent as any of its substitutes. NM ^43 
found methyl scopolamine to be the most potent inhibitor of 
the saUvary secretion so far studied. After the beginning o 
our experiments a paper dealing with the effect of spasmolytic 
drugs on gastric secretion appeared (Neoheles and co-workers 
1944). On Pavlov pouch dogs trasentin H was observed to be 


a potent depressant drug. 

Insulin evokes a gastric secretion on dog and man by causing 
a hypoglycemia that activates "vagal” centers in the brain (La 
Barre and Gespedes 1931). The juice obtained is of high acidity 
and high peptic activity. By insulin it is possible to get a vagally 
induced gastric secretion without the interference of the different 
secretory phases. In our experiments we therefore used insulin 
as the secretory excitant. 


Experimental. 

On tliree gastric fistula dogs we tested the inhibitory effect of 
atropine sulphate, homatropine hydrobromic. cryst. (Merck), methyl 
.scopolamine nitrate (Pharmacia), scopolamine hydrobomic. (Leo), 
'syntropan (Eoche) and ^vagospasmyl (Leo). 

The dogs were starved for 24 hours. The drug under investigation 
was given intramuscularly 16 minutes before the administration of 
insulin. This was injected intravenously in a dose found to evoke a 
moderate gastric secretion. The volume of the secretion was measured 

determined by titration against 
dimethyl-azobeuzol and pbenolphtalein as in- 
mnsnro/Z^fr acidity; whilst the peptic activity was 

uS modified Anson and Mirsky method described by 

hnSlf insulin varies considerably from dog to dog. A dose 

from day to day '^“8 

shows spontaneoL chanses TVpn^^^^f sensitivity to insulin 

necessaiT, Experiment^f w’a ^ control experiments are therefore 

times a ■week^everTSird or f ^ particular dog 2 or 3 

eiery third or fourth experiment was used as a control. 
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To eliminate as far as possible tbe influence of spontaneous variations 
our normal’ values were calculated as the mean value of the control 
experiment preceding and following the test experiment 


Results. 

The secretory response to insulin usually started within 15 to 
30 minutes, reached a peak in about an hour, then gradually 
declined and reached the initial level in about two hours. The 
acidity was high, varying from dog to dog from 120 to about 
150 milliequivalents per litre. The peptic activity was also' high, 
usually amounting to about 50 — 60 peptic units per ml. 


Drug 

Atropine 

rl^e 

1.4 

7.2 

14.3 

36.0 

Scopolamine 

yl^g 

0.3G 

0.72 

3.G 

7.2 

10.7 

Methyl soopolamino 

0.072 

0.18 

0.3G 

0.72 

3.6 

7.2 

Homatropino 

Mg/kg 

0.072 

0.36 

0.72 

SyntTopan 

Mg/kg 

1.4 

3.6 

7.2 

10.7 

14.3 

Vagospasmyl 

Mg/kg 

0.36 

1.8 

3.6 

7.2 

14.4 


Table. 

Number of 
experiments 


6 

4 

3 

1 


1 

1 

2 

2 

1 


1 

2 

2 

1 

2 

2 


1 

2 

3 


1 

5 

1 

2 

2 


1 

2 

4 

3 

1 


Seeretion in % of 
normal (mean value) 


49 

16 

3 

7 


100 

41 

24 

23 

14 


94 

73 

43 

19 

0 

0 


61 

45 

3 


97 

59 

48 

14 

11 


100 

47 

48 
40 

6 
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All the investigated drugs inhibited the gastric secretion. 
Moderately inhibitory doses depressed the secretory volume hut 
did not significantly change the acidity. Higher doses depressed 
both the secretory rate and the aciditiy. The peptic secretion 
seemed to be inhibited in the same degree as the acid secretion. 
The peptic activity remained unchanged until very high doses of 
the drugs were given. It then declined as did the acidity. 

In the table the summarized results from 59 experiments are 
given. The inhibition of the gastric secretion is calculated from 
the total amount of HCl secreted during the two homs following 
the insulin injection. The secretion is calculated as per cent of 
"normal”. ^ 


tomment. 

Methyl scopolamine is the most potent gastric secretory de- 
pressant of the drugs investigated, about 6 y per kg body weight 
gmng a complete inhibition of the secretion. It is slightly more 

theTecretvT atropine, both of which inhibit 

SiS The Homatropine is a weak 

^ spasmolytic drugs syntropan and vagospasmvl 

depress the g^trie secretion only if very high dosLTS 


Summary. 
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Recording Devices In Connection With 
Geiger-Miiller Counters. 

By 

THORALF KYRHE. 

Received 2 October 1947. 


In recent years, after Hevesy’s pioneer work, the artificially 
produced radioactive isotopes of the elements have been used 
more and more in biological researches. 

These radioactive, or labelled, atoms employed as tracers make 
quantitative analyses of extremely small amounts of material 
possible (of the order of 1 X 10~® milligrammes, or even less). 
The radioactive isotopes have formerly been difficult to get, 
hut as they are now being produced in ample quantities as by- 
products in various atomsplitting experiments carried out for 
some other purpose, they may be expected to become more 
easily obtainable for such experiments as those forming the 
subiect of this paper. 

It was difficult, too, to procure the Geiger — ^bliUler tube, the 
unction of which is to respond to the emission of ^-particles 
so that each j3-particle striking a "window” in the tube will 
cause an impulse of current to be generated in the latter. Tiiese 
G— M tubes are now being manufactured commercially in various 
countries; it is still prohibited, however, to export this article 
from the G. S. 


^ Since the G— M tubes, the counting devices used in connec- 
tion with t hem, and their applicability thus seem to be under- 


cannot be expected to be of general interest, they 
^ing to build the however, from the author who is also 

Address; Box 12035, 855^12“" compliance with requirements. 
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going a rapid development, it is the author’s opinion that the 
present article — in which various methods of measuring radio- 
activity are mentioned, and a description given of the apparatus 
designed and built by the author for The University of Aarhus 
Institute of Normal Anatomy, and The Eadium Station of Aar- 
hus, in Denmark — may 
.. be of interest. 



Recording of Impulses, 
The ^-particles emitted 
from the active preparation 
arrive at intervals of 
unequal length, and very 
frequently two or more 
impulses follow each other 
in such rapid succession 
that an ordinary telephone 
subscriber’s meter cannot 
keep pace with them. There 
are 4 methods of avoiding 
the resulting error: 

1) A theoretical-statistical 
correction (Holm-Jensen 
1943) can be applied, the 
calculation of which, how- 


Fig. 1. A recording device and regulated 
2,000- volt power supply for Geiger— Muller 
tube and an automatic machine capable of 
conveying up to 8 preparations successively 
under the G — 'M tube. (Normal Anatomisk 
Institut, Universitet, Aarhus, Danmark.) 


ever, makes it necessary 
to know the reaction time 
of the counter; the reaction 
time is not constant and 
cannot easily be determined. 


This method was therefore 


abandoned when the newer methods mentioned below had been 


developed. 

2) A' scaling device can be introduced, causing only a certain 
fraction of the impulses to be recorded by the counter. 

3) A registering device can be employed to store a succession 
of received impulses temporarily. 

4) An integrator can be used which, in connection with a pointer- 
instrument, indicates directly the number of impulses .received 
per minute. 

Scaling Device. This is called "scale of n”, n standing for the 
ratio between generated and counted impulses. When a small 
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n is cliosen, f. ex. 2 or 4, the scaling device \?ili be defective in 
that inaccuracy may become considerable if the preparation is 
too intensely radioactive, in which case n impulses may 
within a period that is sliorter than the reaction time of the 
meter. 'When, on the other hand, a higher n is chosen, e. g. 8, 
10, or 16, the possible error of the count will be n 1 as the number 
of’ impulses received by the scaler since the counter advanced 
last is unknown. This inexactness becomes particularly important 
when dealing with preparations of low intensity. An arrangement 
for operating the scaler with different values of n by means of a 
switch can be introduced by way of remedying this drawback, 
supplemented with neon lamps, or a pointer instrument, to in- 
dicate the number of residual impulses in the scaler. These aux- 
iliary devices, however, are not immediately available in cases 
where several preparations are to he conveyed automatically 
into the count chamber, one by one, those of high intensity 
alternating with those of low intensity, and background counts 
being taken between for control (Ambbosen, 1942). 

Registering Device. The register picks up the impulses as fast 
as they are being received from the G — M valve, but transmits 
them to the meter at a certain maximum rate of speed, adapted 
to the reaction time of the meter; the impulses are stored by the 
register until the meter can receive them, just as a sudden rush 
on a booking office will result in the forming of a queue because 
the tickets can only be sold at a certain maximum rate of speed. 
The author has tried this method experimentally, but not em- 
ployed it in practice as yet. The intensity of the preparation, is 
limited by the condition for the application of this device, viz. 
that the average of impulses must be less than the maximum 
rate of count at which the meter can work accurately. The maxi- 
mum rate for a telephone subscriber’s meter is about 25 counts 
per seconds, i. e. 1,500 impulses per minute. Preparations of 
such high intensity are scarcely likely to be used in biological 
research. 


The idea of replacing the ordinary subscriber’s meter with-a . faster 
meter suggests itself. Such a fast-going meter was constructed 
oy tne author by means of an ordinary clock movement from which 
he balance was removed; the anchor was then connected mechanically 

taken telegraph relay,' the mainspring was 

1 ^^ectric motor was coupled to the movement via 

fr.ct.on clutch. The ™dmgs of the rclly were connected to the 
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anode circuit of the last scaling stage. Any one impulse occurring in 
this circuit would energise the telegraph relay, causing the escapement 
wheel to move one step. Consequently the hands (seconds and minute 
hands) would advance for each impulse produced. The described meter 
responded easily to 200 c. p. s. Such a meter would be too expensive 
in practice, and the possibility of faulty working is greater than in the 
case 01 the telephone meter. 



Fig. 2. Fast-going counter for max. 200 c. p. s. constructed by means of an ordinary 
clock movement connected mechanically to the armature of a polarised telegraph 

relay. 


Integrator. For radioactive preparations of a certain minimum 
intensity, the average number of impulses per minute can be 
recorded on a pointer instrument. If below this minimum, the 
preparation will make the pointer waver too much to give any 
accurate reading. The turning-point is at abonnt 100 impulses 
per minute. The principle of the integrator is the following: Each 
impulse produced will cause a certain quantity of electricity to 
be pumped into a capacitor which is being continuously discharged 
by a constant flow of current through a high resistance to a high 
negative potential. The instantaneous potential across the capac- 
itor is indicated on a thermionic voltmeter; this voltage will he 
proportional to the ratio between the quantities of electricity fed 
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,h. t=‘rs:^ 

:rr' of t.. e«e . . «ed 
howloL the prepaiation. must be measured m order to get- 
sufficient^ccuracy. The pointer instrument may be replaced mtK 
rapine instrument in which a paper chart rotates with constant 
spfed; the obtained curve is, very accurate, when the decay 
factor is allowed for. The same arrangement can be used instead 
of a series of meters by letting the automatic substitution of the- 
next preparation for the preceding one coincide with the paper 
chart being shifted one step forward. On accoxmt of its deficient 
performance when counting preparations of low intensity, the 
author did not use the integrator in his apparatus. 

.4u/onwftc Changing of Preparations. It is usually desirable te 
measure several preparations in immediate succession of each 
other in order that their respective intensities may be compared. 
Different preparations may require counting periods of different 
length and for low-intensity preparations, the background count 
must be taken into conisderation so that it is necessary to take 
pure background counts between. A mechanism for feeding the 
preparations into the count chamber according to a predetermined 
schedule would be useful for this purpose, and an electrically 
operated automatic machine, affording more combinations than 
previous constructions, was therefore designed and built. The 
conveyor is a circular aluminium disc with 8 bored holes placed 
along its circumference so as to be equidistant. Placed in alu- 
minium cups in the holes the preparations are, one by one, con- 
veyed into the count chamber by turning the disc. The rotating 
force IS imparted to the disc by an electric motor, through a 
'MUm gear, and a special clamping device arrests the disc so 

"S ,,!7 '77 

w 1'.’ *° r®™'* 

bill ^ A The disc shaft runs in two tight- 

in vcrliral ili'.hiSi'l'V''' 7 PMcision-made, tie vaiiation 
nt™ preparations and tie count 

n cjhndet ot lead rrfuoi protects it against 
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«ali tufc« 




Circuit iualysls. 


Geirn-miler Tube. The G-M tube is enclosed in a lead cylinder 
of at least 3 centimeter’s thickness. The high-tension supply for the 
tube is obtained from a stabilised rectifier circuit through a big resistor 
!uid can be regulated continuously up to 2,000 volts. 

I’jXlindm Valve. Several authors recommend the employment of 
•a valve to cut off the G— M tube when the latter generates an impulse 
(Graves, 1947). Then the G— M tube needs only carry a very small 
current for a very short time; besides, a continuous discharge in the 
G— M tube is prevented. This lenient treatment tends to prolong the 
life of the valve. Such arrangement, however, is not really necessary. 
-—The extinction valve may be a pentode coupledin a normal Neher — 
Harper circuit (Neher and Harrer, 1936). The author did not employ 
this method; instead, the G — valve was protected by means of a 
pro-amplifier of considerably greater sensitivity than those of earlier 
date. This greater sensitivity made a lower voltage suffice for the supply 
to the counter valve. 


Either method will delay the destruction of the gases in the valve 
and prolong its life IEriedland, 1947). 

birnffer. The pre-amplifier should be integral 
mtii the leM block enclosing the counter so as to make the wire con- 
in'! u ? Slid of first amplifier valve as short as 

tbo^wbo electric disturbance is tbns avoided, and 

c.asi}v bcconip ^ ^^’'^e^ed; if screened, its capacitive leakage mav 
-ib become too great owing to the very short dniatlon (of the order 

• iSOi-ii, .Ida pht/s. Scandinav. Yol.15, 
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Pig. 4. The duoscalc. If a number of impulses enters at x only half this number 
will leave at y. Several scaling stages can be coupled after one another. 


of IQr^ sec.) of the produced impulse. As pre-amplifier were used the 
two triodes in the combination valve EDDll which are coupled so 
as to form an ordinary two-stage amplifier. A 2 mV impulse from the 
G — M valve will cause the pre-amplifier to transmit an impulse of 
50 volts to the input of the scaler, which voltage is sufficient to control 
the latter; a higher input voltage will cause overmodulation of the second 
grid so that the impulse transmitted does not exceed about 70 volts. 
A continuous dicharge -will start in the G — M tube if the power supply 
is regulated to a too high voltage. The existence of an extinction valve 
in the circuit automatically limits the flow of current in the G — 
tube. In both cases, however, the grid voltage of the first valve will 
fall, at the same time causing the potential across the anode resistor to 
drop. The neon lamp connected in parallel with the anode resistor 
will then be extinguished, thereby indicating that the power supply 
to the G — tube is of too high voltage. In borderline cases each im- 
pulse will cause a flash-over so that glows can be observed in the 
neon lamp. Normal impulses are of such short duration that the glows 
are unperceivable. 

Scaling Stages. The function of each scaling stage is to transmit 
half the number of impulses it receives. If n scaling stages ^are coupled 


after one another, 


i- 

2 ^ 


of the impulses received will be transmitted 


(Jacobsen’ and Sigurgeirsson, 1943). 

In the coupling of the double pentode ELLl shown above, the main 
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part of tlie anode current •will flow either in one or in the other system. 
A negative impulse sent to the common screen grid of the two systems 
will check the anode current flowing in the open system, with the result 
that a positive impulse is transferred from the anode of one system 
to the control grid of the other system, and the coupling capacitor 
Avill be charged. Owing to this charge, the control grid of the other 
system ■will have the highest potential when the screen grid has re- 
covered its normal voltage, and the anode current will conseuuentlv 
flow in this system. Thus, if a number of impulses enters at x, onl'v 
half this number will leave at y. 

The author made some alterations in the formerly emplovcd methods 
ot coupling (Ambeosen, Nielsen, and Sigurgeirsson, i912) TJius 
the cathode was connected directly to earth wliich resulted in better 
stability. A high negative grid bias was chosen {— 180 volts) in conse- 
quence of which the resistor b vould be given a high value (a L b - 0 r 
megohm) so that half the variation in anode 4lta<ve of one si^tem 

Ld'a lS'™dTXgeVo";oHsf <'00 Jriwfms” 

J a” systems .d,™ o,.on 

Anode voltage . Closed 

Grid voltage 4 mA 2 mA 

~h 10 ^ ijfQ -^7 

—t ,,e 

lamp b?eots ^bout^lsS vohj)!’ a'lld tmn^on 

a X“""-adi„g,are toteXn^XaX 
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Pig« o. The scale of o. A scale of o is a scale of 8 (3 scaling stages coupled after 
one another) ^th a 'Teedba ck"’, the eSect of Tvhieh is that 3 "positions"' are omitted. 
One additional stage 'vrill execute another halving, the result being a scale of 10. 


In order to build a scale of 10 it is necessary to start vritb a scale 
of 5: one additional stage mil execute another halving, the result 
being that every tenth impulse only vdll be recorded. 

A scale of 5 is in the principle a scale of 8 provided with a Idild of 
'^feedback'*, the effect of which is that 3 ^^positions'' are omitted: 
let o and x denote the two possible “positions’' of the indi^ddual stages, 
o being the starting position, and let it be the change from position x 
to position o that influences the next stage; the succession of events 
in a scale of S can then be expressed as follows: 


Scale of S. 


Impulse no. 

1st stage 

2nd stage 

3rd stage 

0 

0 

o 

o 

1 

X 

0 

o 

2 

o 

X 

o 

o 

O 

X 

X 

o 

4 

o 

o 

X 

5 

X 

o 

X 

6 

o 

X 

X 

7 

X 

X 

X 

S 

o 

o 

o 


The “feedback” makmg tke scale of S skip ttree stages Trill appear 
from fig. 5. "iVien tke 3rd stage changes from position o to position s, 
an impulse is'sent back to 1st stage, causing the latter to change from 
position o to position x: simultaneouslr, an impulse goes to 2nd stage 
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which, also, changes from position o to position x. This means that 

the scaler changes directly 

from positions x x o 

to positions x x ^ • i 

or cf the table above, the positions corresponding to impulse nos. 
4 5 and 6 are missed out. The “fedback” v'ill function again when 
the ’last stage changes from x to o, this time trying to make 1st and 
2nd stage change from x to o. This change has already occurred, how- 
ever; 1st and 2nd stage are in position o, and no new change will 

take place. , . xi. r i 

In tabular foini the succession of events in the scaler is now tne lol- 

lowing: 


Impulse no 
0 
1 
2 

3 

4 (unstable, 
changes to;) 

5 


1st stage 
o 
s; 
o 
X 
o 
X 


2nd stage 
0 


o 

X 

X 

o 

X 


3rd stage 
o 
o 
o 
o 
X 
X 


The valve EDDll only serves to prevent changes occurring in 1st 
and 2nd stage from influencing 3rd stage, and is not necessary for the 
purpose of amplification. 

Finally, the scale of 5 is converted into a scale of 10 by means of the 
additional 4th stage, coupled in the usual manner to the 3rd stage. 


Output Stage. The last scaling stage must be coupled to the 
telephone meter in such a way that the latter will take one step 
forward when the former changes from position x to position o. 
The scaler input will then have received 10 impulses since it 
was in the starting position. 

Formerly, an amplifying valve, a thyxatron valve, or a multi- 
vibrator was placed between the last scaling stage and the meter. 
The author made the last scaling valve operate the meter via a 
polarised telegraph relay, a special power valve such as mentioned 
above thus being unnecessary. 

As the resistance of the anode load of the last valve is 12 Idlo- 
ohms, the anode current will be large enough to work the tele- 
graph relay. The polarised relay is of the two-coil type; the coils 
are connected in series with the two anode resistors. A passage 
0 current in one coil will make the armature move to one side, 

and when the other coil is energised the armature will move to the 
other side. 

The values of tke anode voltage and cuirent. 
voltage and current will be the following; 
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Fig. 6. Output scaling-stage. The last scaling tube operates the counter via a polar- 
ised telegraph relay. The coils of the relay are connected in series with the two 

anode resistors. 

Last Scaling Stage. 

Open Closed 

Anode voltage 100 V 370 V 

Anode current (plus grid current to tlie 

other system) 25 mA 2.5 mA 

Grid voltage + 10 V — 65 V 

Reliability and quick action can be counted upon as a current 
of 8 milliamperes is sufficient to energise the telegraph, relay. 

The armature of the relay will click over for every fifth im- 
pulse. In one position a circuit is closed, charging a capacitor 
through a series resistor; in the opposite position another circuit 
is closed so that the same capacitor is discharged through the 
windings of the meter, causing the latter to take one step forward. 
The advantage of this form of supplying energy to the meter is 
that a momentary application of a considerable over-voltage will 
make the meter respond quickly without unduly heating the 
coil. The meter is deenergised very rapidly as the capacitor 
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is completely discharged even before the armature reaches the 
t)o1g fsic©# 

The same telegraph relay can be used to operate a "clock 
movement meter” simultaneously, in the manner described earlier 
in this article. 

Indications of Units. By the described arrangement, only every 
10th impulse will be recorded on the meter. For the purpose of 
making it possible to read the units also, the respective ^eon 
lamps of the four stages were marked with the figures "1”, ‘2 ’, 
“1”, and “5”. The sum obtained by adding the values affixed 
to the lighted neon lamps is equal to the number of units that 
should be added to the tens indicated by the meter. 

If the series resistors of the neon lamps be given such values 
that the passing currents, when the lamps are lighted, are pro- 
portional to the affixed numerical values, and if the total current 
be sent through a milliammeter giving full deflection when all 
lamps ate lighted, the deflection will indicate the units provided 
that the scale of the instrument has been marked out in 9 inter- 
vals or degrees. 

The pointer will ihove forward by degrees, one for each im- 
pulse received from the count chamber, until the 9th degree; 
from there it will jump back to zero, and start over again. Watch- 
ing the movements of the pointer while the scaler is working 
gives a good control of its accurate functioning. 

The capacitor connected to a point between the instrument 
and the neon lamps serves to prevent the separate stages from 
falsely influencing each other. 

Testing Device. The correct working of the scaler can be checked 
by feeding a 50 c. p. s. alternating current from the mains to the 
input of the scaler via a transformer. The meter should then 
count at the rate of 5 units per second. 

Another testing device, designed to make the scaler ‘advance 
one step when a pushbutton was pressed, was also made; a small 
capacitor across the scaler input was discharged by pushing the 
button. This arrangement caused the author unforeseen trouble, 
however, as the scaler would record several impulses instead 
0 one, the reason being that a spark discharge occurred in the 
moment of contact-making so that several successive contacts 
were established instead of one, and thus the scaler input received 
seyera mpulses. In spite of various attempts at getting round 

IS pro em, the author never succeeded in making the device 
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Fig. 7. Registering Device. The register picks up the impulses as fast as they are 
being received from the G — M tube, but transmits them to the counter at a certain 
maximum speed, adapted to the reaction time of the counter. 


work quite reliably; on tbe other band, tbe phenomenon was 
plain evidence of the fact that an ordinary closing of a circuit 
over a pair of contacts actually consists of a succession of contact- 
makings which could be recorded in this particular case, owing 
to the short reaction time of the scaler. 

Registering device. The schematic diagram above shows an 
arrangement which was tried experimentally by the author. A 
negative impulse originating from the 6 — M valve is amplified 
and sent through the multivibrator, the fimction of which is 
— regardless of the character of the incoming impulse — to deliver 
an impulse of constant amplitude and duration. The peak of the 
produced impulse will pass the neon lamp and convey a negative 
charge to the capacitor C, causing the anode current to diminish 
and the anode voltage to increase. This, in turn, will cause the 
thyratron circuit to open and the mains a. c. (50 c. p. s.) to be 
fed to a scale of 2 which, besides, acts as a multivibrator and, 
as such, will send positive impulses of the same amplitude and 
duration as the negative impulse originating from the first multi- 
vibrator. The very first of these positive impulses will neutralize 
the charge of the capacitor, the anode voltage will diminish, and 
the thyratron will be blocked. Only one impulse from the scaler 
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has leached the grid; at the same time, however, an impulse 
has reached the meter and made it advance one step. When the 
G— M tube sends a limited succession of impulses amounting to not 
more than 25 per second, the capacitor will maintain a negative 
charge until the main impulses succeed in neutralizing the 
capacitor; meanwhile, the meter will be going at its maximum 
speed of 25 counts per second. In case G — M tube sends impulses 
at an average rate of more than 25 per second, the anode current 
will fall to such a value that the neon control lamp will be ex- 
tinguished. Between the grid and a normal negative grid polarisa- 
tion voltage supply is placed a high resistance (not shown in the 
diagram) which serves to keep the grid potential on a fairly 
normal level. 


Summary. 

The article gives a survey of various devices for recording the 
number of impulses received from a Geiger — ^liluller tube when 
the latter is exposed to radiation from a radioactive preparation. 
It contains a description of an automatic machine capable of 
conveying up to 8 separate preparations successively under the 
G — M tube, once or several times, and for periods of variable 
length (from 2 to 60 minutes). 
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• » 

Tiber die Grdsse der absoluten uiid der 
ilir nachfolgenden Reizscliwellen von 
Momentanlichtempfindungen. 

Von 

YRJO REENPAA. 

Eingegangen am 4. Oktober 1947. 


Ira vorigea Jalire publizierte der Autor dieser Arbeit in dieser 
Zeitscbrift zusainmen mit Jalavisto rind Niini eine XJnter- 
sucbung liber die Giiltigkeit nnd Grenzen der bibnearen Reizaus- 
driicke bei scbwellenmassigen Licbtempfindungen. Die Giiltigkeit 
der von Bloch n. a. gefundenen Schwellenregel L 't = Ej, wobei 
L die Licbtintensitat, t die Zeitdauer und Ej die konstante Energie 
des Minimalreizes bedeuten, wurde auch von uns erneut bestatigt. 
Die Eegel gilt genau bis zu Zeitdauern von 100 bis 120 a. Ausser 
an der absoluten Scbwelle untersucbten ivir die gegenseitige Ab- 
bangigkeit der Beizgrossen Intensitat und Zeit auch. an drei iiber- 
sohwelligen Empfindungsstellen. Es mirde gezeigt, dass auch an 
diesen Stellen eine Produktenregel naherungsweise gilt: L • t = Ejj,, 
ivobei Em die der rn-ten Stelle entsprechende Reizenergieflachen- 
dichte bedeutet. Die Zeitgrenze des Geltens dieser Regeln ist 
enger als an der absoluten Scbwelle. Weiter untersucbten wir, 
bis zu welcher Zeitdauer der Eeize die Lichterlebnisse fhdno- 
menal als momentan empfunden werden. An der absoluten Emp- 
findungsschivelle erstfeckt sick dieses Gebiet biz zur Zeitdauer von 
120 cr, bei den iiberschwelligeu Empfindungen bis zu 20 — 30 a, 
ungefahr entsprechend den Grenzen des Geltens der bibnearen 
Reizasusdriicke. Es scbeinen also die oberen zeitlichen Grenzen 
einerseits der Giiltigkeit der Produktenregeln und andererseits 
der phanomenalen Momentanitat ungefahr an ein und derselben 
Zeit-Stelle zu begen, ein Yerhalten, dessen Bedeutung in eiuer 
zweiten Abhandlung besprochen wurde (Rebnpaa, 1947). 
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Tabelle 1. 

Werle der der absoluten Empfindungsschivelle {m — 1) tind einiger 
hoheren Empfindungsstellen {m — 4, 10, 20} entsprechcnden Daucrlicht- 
intensitaten {L„,) soioie Monientanlichtreizenergien {E,„). Das Bild der 
Belichtiingsflache innerhalb der Fovea centralis. 


m 

Ln, 

(Lux) 

E ! 

j 

(Lux • Sigmen) J 

! 

) 

1 

0.0238 j 

1 

2.35±0.27 I 

4 

0.0951 ! 

6.01^0.30 1 

10 

1 0.238 ! 

13.5 iO.98 j 

S 20 

0.47G i 

28.0 ±3.2 1 


In der beiliegenden Ideinen Tabelle 1 ist eine Zusammen- 
fassung der von uns erbaltenen Ergebnisse gegeben. Hier bedeuten 
L die Lnx-Werte der Lichtintensitaten, wenn es sicb uni Dauer- 
empfindnngen bandelt. Der erste Wert ist die Intensitat der 
absoluten, der 1. Scbwellenempfindung (m = 1), die folgenden 
Werte sind Intensitaten, welcbe 4, 10 bzw. 20-nial grosser als die 
1. Scbwellenintensitat sind (m = 4, 10 bzw. 20). Die Energie- 
werte E„, sind die aus dem Versucbsmaterial berecbneten Mittel- 
werte der Produkte L't (LuxXcr), also der Reizenergiewerte der 
Momenianempfmdnngei}, welcbe pbanomenal mit den entsprecben- 
den Dauerempfindungen aquivalent sind (dieselbe erlebnismassige 
Intensitat baben). So bedeuten z. B. Ei die Reizenergie der abso- 
luten Momentanempfindung und die Heizintensitat der abso- 
luten, also pbanomenal aquivalenten, entsprecbenden Dauer- 
empfmdung. Die in der Tabelle 1 angegebenen Energiewerte 
sind ^e den Zeitwerten 1 bis 15 a entsprecbenden, berecbneten 
Mittelwerte. i;\ir baben diese, nur den kleinsten t-Werten ent~ 
sprecbenden E-werte zur Grundlage der folgenden Besprecbungen 
genommen, weil die Konstanz des Produktes L - t bier am besten 
u sem scbemt. Em Verwenden der Mittelwerte von L-t bis zur 
zeithcben Grenze von 100 n bei der absoluten Scbwelle und 40 n 

b ist r nicht prinripiej! 

ceemtlussen wie spater gezeigt werden soil. 

und^ dirnbann^^^i^ der Abszisse 

abgetLen Dk kK E-Werte auf der Ordinate 

gebenenE’-W Tabelle 1 ange- 

den Werte^wieTer ’e 1 bis 15 a entsprecben- 

einer -- ^-te sebr gut auf 

> woniit wir die Gleicbung E-Eo^k-m aus- 
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Abb. 1. Abhiingigkeit dec Momentanlichtreizenenergien (E; in Lux • Sigmen) und 
der entsprechenden Empfindungsstellen (m) sowie Dauerlichtintensitaten (L; 

in Lux) 


stellen konnen, wo Eo den linear extrapolierten Wert von E bei 
dem Wert m = 0 sowie k eine Konstante bedeuten. Wenn wir 
des weiteren beriicksichtigen, dass Eo ersichtlich sehr genau 


gleicb 


2 


(= 1.18 Lux) ist, sowie dass auch k gleicb 


~ ist, er- 


halten wir als rein empirisches Ergebnis die Gleicbung E = 
E. 

= (ni+l)-2-. 


Die Kreuze in der Abb. 1 entsprechen den bis zu den t-Werten 
100 bzw. 40 o berecbneten L‘t-Werten. Ersichtlicb liegen diese 
Werte nicbt ganz so gut auf einer Geraden wie die Vorigen. Die 
Aufstellung der Gleicbung der die Kreuze zusammenbindenden 
Geraden wiirde aber, wie ersicbtlicb, zu einer abnlicben Eormel 
fiibren, wie wir sie oben aufgestellt baben. 

Da die Stellenzablen m proportional den Lux-Werten L 
der Dauerreize sind, kann die obige Eormel aucb in der Form 


E = /~ + l)‘ — gescbrieben werden, wo Li den Dauer-Luxwert 

der absoluten Scbwelle (m = 1) angibt. Wenn zwei urn eine IH- 
terschiedsschwelle "von einander gescbiedene, also zwei nacb ein- 
ander folgende E- bzw. L-Werte mit den Indizes s und s-j-1 


beizscuwellen 
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bezeiclinet werden und welter die Differenzen Eg + i Eg ^Eg 
bzw. Lg + 1 — Lg = dLg, so erhalten wir; 

welclie Eormel die gegenseitige Anbangigkeit der Momentan- und 
der DanerreizunterscMedsscbwellen von einander wiedergibt. 

Wir haben friiher die Dauerreizunterscbiedsscbwellen an zwei 
jiabe der absoluten Schwelle liegenden Stellen (an den Stellen 
m — 2 bzw. 10 ) bestimmt (Jalavisto, Niini u. Beenfaa). Aus- 
gedriickt als Sjo-Werte (s. die obengenannte Abbandlung S. 158) 
sind diese Unterscbiedsscbwellen an der Stelle m = 2 gleich 
0.028 Lux und an der Stelle m = 10, 0.056 Lux. Als Scbwellen- 
werte sind bierbei die doppelten Sgo-Werte angesetzt, ude es natiir- 
licb erscbeint. 

In der graphiscben Darstellung Abb. 2 sind die Stellenzahlen 
m { = 2 bzw. 10) auf der Abszisse aufgetragen und die beiden ent- 
sprechenden ilawerunterscbiedsscbwellen auf der Ordinate. Auf 
dieser ist welter die Dauerreizscbwelle bei der absoluten Emp- 
findung angesetzt, welcbe als die der nullten Stelle nacbfolgende 
Enterscbiedsscbwelle angeseben werden kann. Diese erste Dauer- 
unterscbiedsscbwelle bat den empiriscben Wert 0.024 Lux (s. 
die obige Abbandlung S. 153), und wir seben, dass dieser Wert 
in die grapbiscbe Abb. 2 eingefiibrt, mit den zwei librigen Werten 
(den Werten m ~ 2 u. 10 entsprecbend) sebr gut auf einer Geraden 
zu legen kommt. In der Nahe der absoluten Licbtscb Welle scbei- 
nen a so die Dauerreizunterscbiedsscbwellen mit steigender Licbt- 
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intensitat hzvr. mit steigender Stellenzahl linear zu wachsen, was 
Tins eine Moglichkeit gibt, alle die untersten Dauerreizu’nter- 
schiedsscliwellen interpolatoriscli genau zu bestimmen. Dies ist 
in der Tab. 2 gescheben, in der die den nacbeinander folgenden 
Ordnungszablen der Unterscbiedsscbwellen (s) (die Stellen dieser 
Zablen sind aucb auf der Abszisse der Abb. 2 angesetzt) entsprecb- 
enden Dauerunterscbiedsscbwellen (/ILJ sowie die entsprecben- 
den Eeizlicbtwerte (LJ angegeben sind. 

blit Hilfe der grapbiscben Darstellung Abb. 1 oder besser der 
ibr entsprecbenden Gleicbung konnen dann die den obigen Dauer- 
reizwerten pbanomenal entsprecbenden MometiianTeizwerte 
bestimmt werden, wie dies in der Kolumne der obigen Tab. 
gescbeben ist. Die entsprecbenden Momenta,nuntersc/nedsschi{>el- 
hn in der folgenden Kolumne ZlE^ sind aus diesen Zablen dann 
durcb Subtraktion erbalten worden (E^ + i — Eg = zJEg). 

Tabelle 2. 

Die den verschiedenen naclieinanderfdlgenden UnterschiedsscJmellen (S) 
entsprechenden Dauergrundreize L,, Dauerunte:‘schiedsschicellenreize AL, 
soioie Momentangrundreize E, und MomentaminterscJiiedsschoellen- 

reize AE,. 


s 

1 

( Lux 

Lux 

Eb 

Lux 

Lux 

0 

0 

0.024 

0 (1.2) 

2.4 (1.2) = E. (.^Eg) 

1 

0.021 

0.026 

2.4 

1.3 

2 

0.050 

0.028 

3.7 

1.4 

3 

0.078 

0.034 


1.7 

4 j 

0.112 

0.038 

6.8 

1.9 

5 

0.150 

0.044 

8.7 

2.2 

6 

0.194 

0.050 

10.9 

2.5 

7 

0.244 

0.056 

13.4 

2.8 

8 

0.300 

0.064 

16.2 

3.2 

9 

0.364 

0.074 

19.4 

3.7 

10 : 

0.438 

0.084 

23.1 

1 


Aus der Tabelle 2 konnen udr seben, wie die Momentanunter- 
schiedsscbwellenwerte AE^ vom zweiten Wert 1.3 Lux ‘o’ an, 
allmabbcb grosser werden, urn an der neunten Scbwelle den Wert 
3.7 Lux - o zu erreichen. Da, wie wir saben, die Werte ZiEg linear 
von den Werten ZlLg abbangen und die letzteren Werte ibrer- 
seits linear mit den L-Werten zusammenbangen, sind aucb die 
Werte AE^ linear von den L- bzw. m-Werten abbangig. Dasselbe 
gilt natiirlicb aucb in Betreff der Abbangigkeit der zlEg- und der 
Eg- Werte. Dagegen kann natiirlicb von einer Proportionalitat 
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der JE - und der entspreclienden Eg-Werte, also von eiher K o n- 
® idB 

s t a n z des Verlialtnisses niclit gesproclien 'werden. 

Die empirisch. gezeigte Linearitat der Momentanieiz- 
scEwelle in ilirer Abhangigkeit von dem entsprecbenden Grund- 
momentanreiz gilt wabrscheinlicli nur bis zu Grundreizwerten, 
die nicbt sebr weit von der absoluten Scbwelle liegen, denn ent- 
sprecbend wie es bei Dauerlicbtreizen gezeigt worden ist, diirfte 
aucb bei den Momentanreizen eine steiler als linear ansteigende 
Vergrosserung stattfinden. Es ist jedenfalls von Inter esse, das 
einfacblineare Verbalten bei den hiedrigsten Unterscbiedsscliwcllcn 
zu konstatieren. 

Die in der Tab. 2 gegebenen zJLg-Werte sind inter- und extra- 
polatoriscb mit Hilfe der Geraden der Abb. 2 erbalten, sie sind 
also empirisebe Werte. Die Werte der Momentansclnvellen ^dEg 


El 

sind aus diesen "Werten mit Hilfe der Gleichung zlEg = - — • idLg 

bereebnet. Diese Gleicbung ist aucb empiriseb fundiert und die 
zlEg-Werte vom Werte s = 1 an konnen demnacb aucb als em- 
piriseb angeseben werden. Die Einsebrankung, dass die Werte 
nur von s = 1 an, also ausgenommen dem Wert AEq (= Ei — ^Eo) 
als empiriseb bezeiebnet vTirden, bangt damit zusammen, dass die 
Verwendung der obengenannten Gleicbung zur Bestimmung der 
Werte AE^ nur vom Werte s = 1 an empirisch begriindet ist, da 
die Gerade der Abb. 1 nur rechts von diesem Wert bekannt ist 
und ihre Verlangerung nach links eine Extrapolation ist, die, 
nebst der sicb auf dieser Grundlage basierende Verwendung der 
genannten Gleicbung, also nicbt mehr als empiriseb zu bezeiebnen 
ist. 


Wenn wir 
El 


AK = 


2 -Li 


die Extrapolation erlauben und die Gleicbung 
- * zlLg also aucb zur Bereebnung der untersten Mo- 


mentanunteiscbiedsscbwelle verwenden, erbalten wir die glatt an- 
wacbsende, aucb in der Tab. 2 angegebene Reibe der Momentan- 
unterscbiedsscbwellen. Der unterste Wert (.dEo) ware in dieser 
Weise bereebnet 1.2 Lux -a, der folgende 1.3 Lux -a usw. Der 
zweite Wert AE^ = 1.3 Lux -a und alle ibm folgenden sind rein 
empmsebe Werte, nur der erste Wert zlEo = 1.2 Lux - o, griindet 
swn also aui eine mebt-empirisebe Extrapolation., Der empirische 
er von g, welcber ja der Momentanreizwert bei Dunkelheit ist, 
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ist natiirlich gleich Null, und nicht gleicli 1.2 Lux • a, wie die Extra- 
polation der Abb. 1 angibt; diese beiden Werte sind in der ent- 
sprecbenden Kolumne der Tab. 2 eingetragen. Und dem ent- 
sprechend ist, wie aus der Tab. 1 ersicbtlicb, der empiriscbe Wert 
der untersten Momentanreizsclnvelle (friiher mit Ej bezeicbnet) 
^^0 = 2.4 Lux • O’, also doppelt grosser als der extrapolatorisch 
bestimmte Wert. 

Die eigenartige Diskontinuitiit in den empirisch fundierten 
Moinentanreizunterscliiedsschwellen, mit dem verhaltnismassig 
grossen untersten Wert, ist schwer verstandlicb, besonders weil 
die Reibe der UaMerreizunterschiedsscbwellen (dL^) keine Diskon- 
tinuitat aufweist, sondern vom niedrigsten Werte an, eine sich 
glatt und allmahlich vergrossernde Serie bildet. Den Grund der 
genannten Diskontinuitat mocliten wir folgendermassen zu ver- 
stehen versuchen. 

Die erste Dauerreizunterschiedschwelle (dLo) entspricbt dem 
Unterscbied zwischen dem Reizwert des ersten, des absoluten 
Dauerreizes (Li) und der Dunkelbeit, der Dauerdunkelbeit (Lo). 
Und in der gleichen Weise entspricbt die Dauerreizunterscbieds- 
scbwelle mit der Ordnungszabl s (dLJ dem Unterscbied der 
Dauerreize Lg 4 . i und Lg. Sowobl inbetreff der ersten Dauerreiz- 
unterscbiedsscb'vvelle wie inbetreff der hoberen entsprechenden 
Scbwellen sind die Versucbe aucb so angeordnet gmvesen, dass die 
zu vergleicbenden Reize, um deren Unterscbied es sicb also ban- 
delt, Dawerreize waxen. Insbesondere ist zu bemerken, dass aucb 
der »Reiz» Lo, also die Dunkelbeit, im Verbaltnis zu welcbem der 
Reiz Li zu vergleicben ist, eine UoMerdunkelbeit war. 

Bei den Momentanreizunterscbiedsscbwellen sind die zu ver- 
gleicbenden Reize aller boberen Ordnungszablen solcbe von 
momentaner Dauer; bei jedem Reizunterscbied ZlEg sind also die 
Reize Eg + 1 und Eg, deren Unterscbied ZlEg ist, momentane 
Reize, Reize deren Zeitdauer kurzer als etwa 40 cr ist. In- 
betreff der ersten Momentanreizunterscbiedsscbwelle verbalt sich 
die Sacbe aber anders. Die Bestimmung der absoluten Mo- 
mentanreizunterscbiedsscbwelle (zIEq), welcbe identiscb mit der 
absoluten Momentanreizscbwelle (bezeicbnet Ei) ist, gescbab in 
einer Weise, bei der die Reize Ei zwar von momentaner Dauer 
waren, die )>Reize» Eo, also die zwiscben den Reizen gescbalteten 
Dunkelbeiten dagegen oiicM momentan waren, sondern langere 
Zeit dauerten, also Dauer dunkelbeiten waren. Gemass der Aus- 
fiibrungsart der Versucbe sind also die von uns empirsicb erbal- 


beizschwellen von momentanlichtempfindungen. 


tenen der untersten Ordnungszahl entsprechenden Werte JEo 
ndt den. den hoheren Ordnungszahlen entspreclienden Werten 
AEs nicht ohne Aveiteres zu vergleichen. Ein sinnvoller Vergleicn 
des untersten Momentanreizwertes mit den holieren entsprech- 
enden 'Werten Avurde, nacli dem Obenangeflilirten, also zui 
Bedingung haben, dass die Bestimmung aucb des untersten Mo- 
inentanreizes ein Vergleicb des MomentanreizAA^ertes Ei mit dem 
il/oH)e?ba>!dunkelAvert Eo AA’are. Diese Forderung lauft darauf 
hinaus, dass die KeizAverte Implikate _der ))entsprecbenden» Emp- 
findungSAverte sind (siehe Reekpaa; »tjber A\' ahrnebmen, Denken 
und messendes Versucben», 1947) und das ein Vergleicb ver- 
scbiedener ReizAA-erte nur in dem Falle sinnvoll ist, dass die ent- 
sprecbenden EmplindungsAverte gleicbartig sind. Wenn AA^ir die 
ErlebnisAverte mit kleinen, die implikativ entsprechenden Reiz- 
Avertc mit grossen Bucbstaben bezeicbnen, kbnnen Avir den Ver- 
gleicb der untersten soAA'ie der boberen ReizAverte einerseits bei 
den Bauer- und andererseits bei den Momentanempfindungenbzw. 
Reizen folgendermassen kurz andeuten. 

Bei Bauerempfindungen bzAv. -reizen; 

Zu A'ergleicbende Emplindungen Ig + 1 u. 1^ soAvie li (absolute 
Dauerempfindung) u. lo (Dauerdunkelempf indung). 

Implikativ entsprecbende Reize Lg + i u. soAvie Li (absolute! 
Dauerreiz) u. Lo (Dauerdunkelheit). 

Bei Mojaeii/auempfindungen bzAA'. -reizen: 

Zu A^ergleichende Empfindungen e^ ^ , u. e^ soAvie Ci (absolute 
Momentanempfindung) u. eo ( Mo mentandunkelempf indung). 

Implikativ entsprecbende Reize E^ + ^ u. E^ soAvie Ei (absolute! 
Momentanreiz) u. Eo (Momentandunkelbeit). 

Die Versucbsanordnung Ava! also in alien ande!en Hinsicbten 


dieser Forderung gemass, ausser inbetreff den Momentanempfin- 
dungen und -reizen der untersten Ordnungszabi, avo sie nicbt dem 
obcnstebenden Scbema gemass. sondern gemass dem untersteben- 
den angeordnet AA^ar: 

Zu vergleicbende Empfindungen ei (absolute 3Io7nentanem'piin- 
dung) u. \ (Bouerdunkelempfindung), 

)>entsprecbende» Reize Ei (absolute! Monieiitanieiz) u. Lo 
(Dan erdunkelbeit) . 

AAeIcbe Anordnung nicbt unserer Forderung entspricbt. 

m die ^ ersucbe gemass dem boberstebenden Scbema anzu- 
Bestimmung der absoluten Momentan- 
e le ZAviscben den Momentanreizen eingescbalteten Dun- 
Acta plnjs. Scandimv. Vol. 15 . 
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kelperiodcn also auch. monientan sein, und wir niachten demge- 
mjiss Versuclie, bei denen der Versucbsperson kurzdauernde 
Xiicbtreizc- und Dunkelpauscn abwecbselnd dargeboten wurden. 
Da die vorhin bebandelten Versucbe vor dem Kriege ausgefiihrt 
waren und die Versucbsapparatur seitdem abgebaut und wieder 
aufgebaut war, konnten niclit mebr neue Versucbsergebnisse 
erhalten werden, die obne weiteres mit den alten Ergebnissen 
zu vergleicben waren. Da die friibere Versucbsperson uns aucb nicht 
mebr zur Verfugung stand, wurde die Untersucbung der Bedeu- 
tung momentaner Dunkelpausen bei der Bestimmung der abso- 
luten Momentanscbwelle folgendermassen gestaltet. Der em- 
piriscb bestimmte Wert der Momentanscbwelle bei Verwendung 
langdauernder Dunkelpausen ist, wie aus der Tabelle 2 ersichtlicb, 
doppelt grosser (2.4 Lux’u) als der tbeoretiscb mit Hilfe der 
grapbiscben Geraden der Abb. 1 oder der entsprecbenden Glei- 

Ei 

chung ZlEs = _ — ‘ZlLg zu berecbnende Wert (1.2 Lux* a). Und 

21jj 


unr vermuteten, dass dieser tbeofetiscbe Wert einem empirischen 
Werte entspracbe, welcber mittels Verwendung momentaner 
Dunkelpausen zu erbalten ware. Wenn dem so ware, dannkonnen 
wir am einfacbsten mit Hilfe der Abb. 1 erseben, dass dies bedeuten 
uiirde, dass der »E.eizwert» einer Momentandunkelperiode (der 
Ordinatenwert Eo in Abb. 1), welcber dem »Eeizwert)) Null einer 
Dauerdunkelperiode (der Abszissenwert Null der Abb. 1) ent- 


Ei 

spricht,. gleicb — (=Eo) ist, d. b. 

Jj 


es unirde besagen, dass die )>Dun- 


kelbeit)) einer Momentandunkelpause tiefer als diejenige einer 
Dauerdunkelperiode ist. Und da der Wert des Momentanreizes 


bei momentaner Dunkelperiode biernacb 


zlEo 



ist, erseben wir, dass er doppelt kleiner sein sollte als der ent- 
sprecbende Wert (Ej), bestimmt bei Verwendung von Dauer- 
dunlcelperioden. Hiermit griinden wir aucb unseren Versucb 
zur Priifung der Giiltigkeit dieser tbeoretiscben Voraussage. An 
der Versucbsperson wurden zuerst absolute Scbwellenreize mit 
momentanen Belicbtungen und dazwiscbenliegenden Dauer- 
pausen bestimmt und sogleicb danacb abnlicbe Versucbe, aber 
mit momentanen Dunkelpausen ausgefiibxt. Die Tabelle 3 zeigt 
das Ergebnis. Wenn die Dunkelpausen etwa 750 cr dauern, erbal- 
ten wir fiir die unterste erste Eeizscbwelle den mittleren Wert 
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Tabelle 3. 

Besiimmung der ersten Momentanreizschoelh mit einerseits zwisolien 
die MomentanlicJilreize eingeschalteten Dauerdunhel'pausen {oberer leU 
der TabeUe), andererseits MomentandunlcelpaUsen {mterer leil aer la- 
belle). Das Bild der Liclitflaclie innerMU) der Fovea centrahs. 


Die Dauerdunkelpausen betragen 750 a. 


Dauer des Momentanliclitreizes 

t ' 

- f 

Energie des MoxnentanlicKtreizes \ 

E, ! 

{^) 

{Lux • O') ) 

20 

0.570 1 

40 

0.628 1 

80 

0.751 

100 

0.935 

Mittelwert 0 ., 72 i ±0.122 Lu.x • u. 


Die Momentandunkelpaiisen betragen 60 bis 100 cr. 


1 Dauer des Momentanlichfcreizes 

Energie des Momenfcanlichtreizes 

t 

(Lux • a) 

i G) 

OQ I Dauer der 

j/^{Dnnkelpausen 

^^l3xt 

0.233 

0.426 

; 

-ifvrj (Dauer der 

\Dunkelpauseii==t 

0.488' I 

Mittelwert 0.382±0.0996 Lux • u. j 


Ej ~ 0.721 0.122 Lux'o, weim dagegen die Dunkelpansen 

von der Dauer von nui 60 — 120 a sind, ist der Mittelwert der 
ersten Beizscbwelh z/Eo = 0.382 ^ 0.0996 Lux-n, also unge- 
fabr die Halfte vom vorigen Werb, was quantitativ unsefer theo- 
retiscben Anffassnng entsprioht. JBei dem Versuchen mit momen- 
taner Dnnkelpause flimmerte das Licbt, wie zu fordern ist, da nur 
in diesem Eall die Versucbsperson zwiscben Hell und Dunkel 
unterscbeidet, und also einen Vergleicb der Empfindungs- bzw. 
Heizwerte u. Cq bzw. Ei u. Eg ausfukrt. Die Grosse des eibal- 


tenen Wertes fiir E^ ist bei dieser Versucbsperson kleiner als 
mit der anderen Versucbsperson. Das mag teilweise mit dem Adap- 
tationszustand, teilweise mit einer individuellen Verscbiedenbeit 
zusaminenhangen. IVir mdcbten in dem Ergebnis eine Stiitze 
tux diejenige Auffassung seben, dass die Eeizgrossen beim Ver- 
gleicb miteinander, genau auf ibre Empfindungsimplikantien zu 
prufen sii^, also tur die von uns aucb vorbin betonte Auffassung 
von ex edeutung der Begriffsanalyse der den pbanomenalen 
^mpbndungen »entsprecbenden)> Reizgrosseu. Nur in dieser 
else konnen diese letztgenannten Grossen in einer richtigen 
Veise bebandelt und verstanden werden. 
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Zusaramenfassung. 

1. Entsprechend cler absoluten (der 1.) Schwellenempfindung 
(Bloch h. a,), sowie dor ilir nacbsten uborscbwelligen Empfindun* 
gen von MomeiitaiiXi^tx^izon golten Reizregeln von der bilinearen 
Eorni L 't == E, L die Reizintensitat, t die Reizzeitdauer und 
E die Energie des Reizes bedeuten. 

2. Die den verscbiedenen iiiovieutcDicu Empfindungsgrossen ent- 
spreclienden Reizenergiewerte E stehen in linearem Verhaltnis 
zu den Reizintensitaten, welche bei jD^werlicbtreizen mit den vo- 
rigen Empfindungsgrossen erlebnisaquivalent sind. Es gilt empi- 

E 

riscli die Gleicliung E = (m + 1) "^vo Ei die Reizenergie der 

A 

absoluten (der 1.) Momeiitanempfindungsschwelle ist und m eine 
Zabl bedeutet, die j)roportional der Reizintensitat des Dauer- 
licbtes ist. 

3. Es wird gezeigt, dass in der Ndlie der absoluten Schwelle, 
also bei den untersten Scliwellenordnungszablen, soAVobl die 
Dauer- (zlLj) wie die ilfojHeJdaureizscliwellen (ZEg) eine lineare 
Abhangigkeit von den entspreclienden Dauer- (LJ bzw. Momen- 
tangiundreizen (BJ zeigeii. 

4. Bei den Dauerreizsclnvellen steigen die Werte der Reiz- 
scbwellen (gemessen in Lux) von Schwelle zu Schwelle, vom ersten 
Werte an. Bei den Momentanreizschwellen gilt dasselbe Verhalten, 
aber nur von der zweiten Schwelle an. Die erste Momentanreiz- 
schwelle ist doppelt grosser als sie geinass dieser linear sich ver- 
grdssernden Reihenordnung sein sollte (Tabelle 2). Es wird ge- 
zeigt, dass diese Dislcrepanz darauf beruht, dass die bier gebrauchte 
und iibliche Bestimmungsart der ersten Momentanlichtschwelle 
verschieden von der Bestimmungsart der Momentanlichtschwellen 
von hdherer Ordnungszahl ist. In dem Ralle, dass die Bestim- 
mungsmethoden der begrifflichen Reizgrdssen in alien Fallen auf 
gleichartigen, ihnen implikativ entsprechenden phanomenalen 
Empfindungsgrossen basieren, bekommt man eine vom ersten 
Momentanreizschwellenwert an glatt anwachsende Serie von Reiz- 
unterschiedsschwellen; die erste Momentanreizschwelle ist also 
bei dieser adaquaten Reizbestimmungsmethode die Halfte kleiner 
als sie bei der liblichen Bestimmungsmethode ist. 

5. Die empirische Bestatigung einer Konsequenz der theo- 
retischen Auffassung des Zusammenbangs der begrifflichen Reiz- 
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grossen und der phanomenalcn Empfindiingsgrosseu zcigt, un- 
seres Erachtens, die Bedeutung der von uns in andercin Zusain- 
menliang versucliten Analyse des Keizbegriffes. 
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In 1940 F. Dickens published his surprising discovery that the 
bone substance of mice contains considerable amounts of Ci ( = citric 
acid or citrate). The skeleton is, in fact, richer in Ci than the other 
organic systems of the mammal organism, containing the main part 
of the Gi-storage in the body. In the folloiving year (1941) Dickens 
published a more extensive report on these investigations. He stated 
that considerable amount of Ci had been found also in the bone sub- 
stance of oxen (> 0.272 %), of puppies (1.31 %) and of kittens (0.G44 %). 
At this time the high Ci-content of the bone substance of horses, sheep, 
swine, chickens, and a number of fish (pike, carp, herring, cod, and eel) 
had been determined in Thunberg’s laboratory, Lund (Thxjnberg 
1941) and a short publication on these results was issued. It was thus 
fairly evident that Ci could be found in all bone substance. 

Great practical significance can be attributed to Dickens discovery 
that bone-meal contains citric acid in a concentration of about 1.4 %. 
The bone-meal was prepared commercially from coarsely pulverised 
bone, extracted with steam and finally dried and reduced to a fine 
powder. — The bone-meal in question seems to be identical to the 
Swedish pharmaceutical preparation Calcii Phosphas crudus, which 
preparation was entered in Ed. X of The Swedish Pharmacopseia 
in 1925 but excluded from Ed. XI in 1946. According to our investi- 
gation this Swedish preparation contained between 1 and 1.5 % Ci. 
— No further information is given in Ed. X, however, concerning the 
origin and manufacture of the preparation. 

It appeared from Dickens’ analysis that the Ci is not uniformly 
distributed throughout the bone substance. The concentration was 
especially high in the hard parts. Dickens found, for example, a Ci- 
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. , f07Q mtr uer 100 gram m hard bone substance (of the an- 
„?)' b“? Lj « »g. in the red ttom to 

‘■==a»ss&ssf| 

?:nd coLairediitamir^^ tbe food was poor in P but nob m Ca 
and free from vitamin D, tbe Ci-content was observed_to be as low as 
0 19 o/„o iG %. If tbe food contained vitaimn D and was rich in Ca 
Cbcoment mse to 0.53 o/,_0.g8 o/„. If tbe food was poor m Ca, the 

values sank to 0.42 % 0.52 %. _ Tr ass 

Values concerning the Ci-content in bone are reported also by Class 

and Smith (1942). Determinations were made on composite samples 
of tibiae, fibulae, femura, humeri, radii, and ulnae from young mature 
male rats. A calculation of tbe average value of the individual values 
submitted by the American analysists gives the values 6.16 mg. oi Ci 
per gram bone substance with a standard deviation of 0.46 mg. Ci.- 
The citric acid value of the entire skeleton would be 73.3 mg. (the aver- 
age of 24 determinations) and the corresponding standard deviation 
7.V mg. 

It has long been known that tbe metabolism of the bone system 
can be influenced by a large number of biological factors, as, for in- 
stance, age, sex, vitamins, hormones, etc. This is evidently valid also 
for the Ci-content. Prolonged administration of parathyroid hormone 
causes a substantial increase in the Ci of the bone, according to Dic- 
kens. A kitten which was fed on a diet poor in Ca and showed signs of 
rachitis, had a Ci-content of the skeleton of only 50 % of that of the 
control animal. 

For half a century Ci has been thought to combine with Ca forming 
a compound which upon ionization yields a Ca-citrate complex. (See 
Hastings et al. 1934.) What is known (or assumed) about a Ca-citrate 
complex indicates, however, a relatively great solubility of this com- 
plex. The substance, on the other hand, in which Ci occurs in the skel- 
eton, appears to be very difficult to dissolve. It seems as if the citrate 
in bone-meal is only slightly water-soluble. The insolubility of the Ci 
of 'toe bone substance has also been obiserved in many experiment made 
in Lund concerning the possibility of basing the analysis of the Ci of 
the bone substance on the enzymatic method xecommended by Thun- 
beeg. This method has otherwise been very useful in analysis of blood 
and animal fluids on the 'w’hole. 

One or two observations by Huyper (1938) are elucidating in this 
coSSna’T,!!^ Tn reckon with complex compounds, 

containing not only Ca but also phosphate. ^ 

uhosn^te « J 'calcium and 

amoMts^ and in substances are present in sufficient 

cipitated Practi/alf proportions, citric acid-is quantitatively pre- 
sedutieu obtained from a 

Phatewas pw macSl 

P , practically no citrate was precipitated. The fact that 
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citrate is precipitated only when the calcium is present in excess of the 
amount necessary to react wkh phosphate and citrate, seems to indicate 
that It forms an insoluble calcium complex which is readily dissociated. 
(See also Kuyper 1945.) 

It appears from this historical outline that the existing material 
concerning the Ci'-content of the bone system is both scarce and in- 
homogeneous. The point is to make it more extensive and certain. It 
might be said about Dickens’ discovery, however, that it is of greater 
significance than the attention it has received (Sendroy 1945). 


Method. 

The citric acid determinations in this investigation have been per- 
formed according to the method of Pucher-Sherman-Vickery (1936). 
A few modifications have been introduced partly on account of recent 
experience ^Yith this method and partly due to difficulties in obtaining 
the necessary reagents. Pyridine was substituted by acetone or by a 
mixture of glycerin and water; ferro-sulfate by hydrogen peroxide, 
etc. — Towards the end the modification proposed by Hunter and 
Leloir (1945) was adopted in which pyridine Was substituted by 
ethylene glycol and the decolorization of the excess potassium per- 
manganate was performed with sodium nitrite. These^’changes made in 
the method during the period of the investigation have probably 
affected the significance of the analyses. In order to counteract this a 
number of control analyses have been carried out. 

The bone material of man was obtained from autopsies at the Pa- 
thological Institute, Lund (Professor C. G. Ahlstrom). The animal 
material has been as fresh as possible. The values obtained did not 
seem to be influenced by the length of the storage period. 

The skeletal parts used were freed by means of careful dissection 
from fat, connective tissue, periosteum and tendons, then dried pre- 
liminarily, finely divided, and, finally, dried and pulverized. Some 
helpful hints for working with bone substance can be obtained from 
Lang and Haslhaeer (1935) and Michaelis (1930). — Naturally the 
material investigated was only macroscopically homogeneous. No 
microscopic preparations have been made. 

The fact that the bone substance has two components, one spongy 
element (Substantia spongiosa) and one compact element (Substantia 
compacta) Would seem to indicate the desirability of analyzing both 
these substances. It soon became evident, however, that an analysis 
of the compact substance rendered more information than analysis 
of the spongy part. The Substantia compacta has a uniform, homo- 
geneous character. The Substantia spongiosa, on the other hand, 
varies in porosity and thus also in the amount of red marrow sub- 
stance filling the cavities. Dickens has already pointed out that the 
red marrow is very poor in Ci. The spongy bone substance will thus 
show all degrees between Ci-rich solid bone substance and Ci-poor 
marrow. The characteristic qualities of the bone tissue here seem to 
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evade evaluation. Quite a number of Ci-analysis have been carried 
out, however, confirming the opinions just given. The values varied 

between 0.5 % and l.o %. • , • u,. 

The Water and fat content of the bone substance is widely variable. 
Bone substance which had been freed from fat and Water, on the other 
hand, showed a more homogeneous composition. The Ci-values ob- 
tained have therefore been stated in relation to the initial material 
free from fat and water (Of. Huggins 1937). The values of such a water- 
free substance will naturally be comparatively higher than when re- 
lated to a material with the original content of water and fat. 

The Ci-values of fresh bone substance (= X), are easily calculated 
from the Ci-values of the dried bone substance (= Cisicc.) as well as 
the values of bone substance remaining after drying (= R) expressed 
in percentage of the initial amount used. The Ci-content of a certain 
amount of fresh bone substance is found quantitatively in the dried 
residue of the original material. The following equation is used. 

100-X = CLw-R. 


The Ci-content of tlie Bone Substance of Humans. 

The following bone material of humans has been analysed: 
thigh, collar bone, rib, and vertebra. 

In the table below the Ci-vaiues are given which have been ob- 
tained for our human bone material. No individual values are 
reported but only the average values and the average errors of 
he isolated observations. (I am indebted to Imannens Johannet 
son for the statistical calculations.) 


Table. 


Oi-cc^Uni cf tU 


female 

A^umber of 
analyses 

7 

Average value 

in % 

Average error 
of the observa. 
tion in % 

dollar hone, total 

QQ 

1.G2 

0.2-1 

Ttiale . . 

... 10 

1.88 

0.27 

female 


1.87 

0.21 

total 


1.89 

0.31 

ittale . . . 


1.75 

n 

female 


1.80 

U«oo 

Vertthra, total 


1.70 

\J,6£ 

0.32 



0.89 


female 


0.71 

U.32 

Hu*. 



1.11 

0.17 



0.34 
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It appears from the table that thigh, collar bone, and rib 
form a special group with an average Ci-content of 1.62 %, 1.88 %, 
and 1.75 % respectively.^ Arranged in the order collar bone, rib, 
and thigh, these three kinds of bone material give a number of 
equidistant average values with a difference of 0.13 %. The 
vertebra forms a group by itself with a Ci-value differing from the 
corresponding value for rib vdth no less than 0.86 %. — The 
reason why rib has been chosen for the comparison is that this 
bone represents both the sexes and shows the least difference 
from vertebra. This means that the Ci-value of collar bone shows 
a still more distinct difference from that of vertebra, if possible. 

It can now be calculated from the present material with how 
great probability a difference obtained between the values of two 
different substances is due to an actual difference or is just a 
coincidence. The quotient of the difference and its average error 
is calculated. The degree of probability is obtained from specially 
constructed tables, under consideration of the number of degrees 
of freedom corresponding to the average error. 

"When treated in this manner the numerical material shows no 
significant difference in the Ci-values of bone substance from col- 
lar bone, rib, and thigh. Concerning the difference obtained be- 
tween vertebra on one side and the remaining three kinds of bone 
substance on the other, however, these are so great that the prob- 
ability of their depending on coincidence and having no real 
foundation is less than 1 : 1,000. This is valid both for the above- 
mentioned difference of 0.86 % between the values of vertebra and 
rib and for other relevant differences. 

Concerning the difference between rib and vertebra from fe- 
males, the differential value obtained is only 0.40 %, but the 
difference is statistically significant in this case, too. 

The answer to the question whether there is any sexual differ- 
ence in this material is that the vertebra seems to denote a sexual 
difference of 0.40 %, which only with a probability of less than 
1 to 1,000 can be regarded as accidental. Vertebra of females ap- 
pear thus to hold more Ci than that of males. The rather un- 
favourable conditions under which these investigations have been 
carried out, however, makes it desirable that they should be con- 
trolled. It is also possible that the lower Ci-value found in males 
is due to a larger amount of spongy substance. 

It might be of interest to compare our results as to Ci, to pre- 
vious results concerning the main inorganic components. Such 
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• t. f^v fNffprpnt bones in tbe same individual 

sr*— iM'Txrv!;; 

ffci« rKUect »ml BoOiRT and Hastinos ( 1931-1932) oosctveti 

„„ matoll difference in the ™ 

and oRtet portions of bone. (Schmidt, C. L. A. and D. M. Grela 


BERG 1935.) , 

Sexual variation in the composition of bone have, ho^vever> 

been prewously observed with a vieAV to ash, Ga, and P percentage. 
Female rats contain a larger percentage of ash, Ca, and P be- 
tween weaning and adult life than male rats. The bones of female 
rats are smaller (contain less organic matter and rvater) than 
males of the same age reared on comparable diet, but in spite 
of this they have at all ages a higher percentage than males of 
ash, calcium, and phosphorus. (Cf. References by Huggins (1937) 
and Gardner and Pfeiffer (1943).) 


Ci-values of Bird and Fish. 


It was mote by chance than due to biological motives that we 
chose the hlack-headed gull (Larus lidihuudus) as a representative 
for birds in the investigation of the Ci-content of the bone sub- 
stance in this group of vertebrates. The results in percentage are 
summarized in the following table; 

M denotes average value, s the standard deviation. 


Table. 


Pelvis 

Shoulder blade 

Thigh 

2.08 

2,63 

1.20 

0.1 s 

0.33 

0.30 

Humerus 

Parietal 

bone 

Coracoid 

bone 

O.GO 

1.75 

1.57 

O.oc 

0.04 

0.35 


Breast bone 
2,57 
0.44 

Vertebra of 
the neck 

1.78 

o.n 


based on only 

surprising. ^ • Ihe low humerus valu 

rm . 



amined led to 9 more Gi species e 

apaoksiAH™ bemg caftfed out on differe: 

*'■ ^alue of tlio determiu 
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tions was 4.27 % with a standard deviation of 1.21. The species 
analysed were rather varied in size, among other respects. The 
sex was not noted. — A fcAv other species of fish were also ex- 
amined with a view to the Ci-content of the spine. Mackerel 
(Scomhrus) gave a Ci-value of 1.00 (the average value of 3 deter- 
minations), and cod (Gadus callarias) 2.01 % (the average value 
of 2 determinations). 

Finally a number of analyses were carried out on the frog, type 
and sex unspecified. The frogs had been caught in the summer 
1946 and were in rather poor condition at the time of the in- 
vestigation (summer 1947), but the results were none the less 
amazing. The average value of the citric acid content of the bone 
substance was only 0.29 %, Avhich value is many times lower than 
that usually found for other animals. — Several questions arise. 
To what extent is the low Ci-value of these frogs connected with 
the role of the skeleton in Ci-storage? Does the singular water 
economy of the frog play a part here? (Overton.) 


Discussion. 

The analyses reported above show beyond all doubt the general 
occurrence of Ci in considerable amounts in the bone substance of 
vertebrates. They will, too, help in creating a more correct and 
precise conception of the magnitude of the Ci-content. Ci prob- 
ably occurs chiefly in the compact part of the bone substance. 
The richer the bone material is in "Substantia compacta” the 
higher the Ci-content imder similar conditions; the presence of 
spongy substance, however, decreases the value. The difficulty in 
separating the two parts preparatively creates a corresponding 
difficulty in determining their Ci-content. — The main part of 
the inorganic bone substance occurs in sub-microcrystalline form 
(Cf. Huggins p. 120). Nothing definite is known as to the dis- 
tribution in the crystalline and the liquid phases (the mother liquor) 
of the citric acid component of the bone substance. The Ci-content 
of the bone substance appears partly in a soluble form and partly 
in an insoluble form. This is confirmed by the experiments to 
extract finely divided bone-meal with water: part of the Ci is 
immediately dissolved but further dissolutions occurs very slowly. 
If an acid fluid is used for the extraction, for example 5 % tri- 
chloracetic acid, the extraction, however, is rapid and easy. The 



CITRIC ACID CONTENT OF BONE SUBSTANCE. 


45 


dissociated state extrcniely difficult to di.ssolve in water, that i.s 
to .say in the form which Kuyper ha.s observed to be precipitated 
when mixing C'a, phosphate, and citrate under certain conditions. 

One has long abandoned the view of the inorganic part of the 
bone system being a mixture of simple salts — Ca pho.sphate 
and Ca carbonate. The precipitation being dependent upon the 
degree of acidity does not support this theory. The salts of the 
skeleton are now a.s.sumed to occur in a complex combination 
(apatite?), but it is uncertain what kind of apatite: a hydroxyl- 
apatite or carbonate-apatite or a combination of both forms. The 
occurrence and conditions of Ci in the bone substance do not 
disagree with the apatite-theory. 

It should be observed that the discovery of citrate in the bone 
aunstance complicates matters. 

Ci occurs indicates its positive 
in tW bone r/™' “f f ' '‘■rther components 

over, tlic situation is pro), ably more complex It'' ’ m™'' 

that the difference in It seems most likely 

t/'c bone substance i„ the form of ! ' ^1 ^ P^^^Pitation within 

J'itherto escaped detection kTonTj^^l" substance has 

also been pointed out by Dickers R surprising as has 

lact, Jiowever, that it is upo„ attention to the 

and complete analyses have been madri accurate 

™ ‘ta important point.” 
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Summary. 

TIi 6 author suruniarizcs our scant knowledge up to the present 
time of the citrate content of the bone system and reports new 
determinations carried out by him on humans, birds (Larus ridi- 
bundus), fish (Clupea harengus, Gadus callarius and Scomber 
scombrus). The citrate determinations have been made by means 
of the colorimetric variation of Stahres pentabromaceton method 
introduced by Pucher, Sherman and Vickery, and finally with 
the modification worked out by Hunter and Leloir. The amount 
of citrate found has been put in relation to water-free (ev. also 
fat-free) substance. Vlien expressed in this manner the value 
for humans, birds, and fish vary between one and a few percent. 
— The Ci-value in the frog, kept during the winter and not used 
until late in the summer, was about 0.3 %. 
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the extracts as a rule give a pure rise in blood pressure. With 
this method it has also been shown that blood contains a syni- 
pathomimetic su1)stance with the actions of nor-adrenaline (Euler 
and iSoH^UTKRLow, 1947). 

Ihc present investigation, which deals with the depressor and 
pressor action of extracts from the aortic wall of cattle, is a first 
attempt to a closer investigation of the role played by the blood 
vessels in producing vaso-active substances. 


Methods. 

The method of extraction from aortic wall was that described by 
Euler (194G). 

The aortic arch and the abdominal aorta were collected from 
newly killed cows. The vessels were as soon as possible freed from 
connective tissue, grinded and extracted for two hours with acid alcohol. 
After filtration on a Buchner funnel the filtrate was evaporated in vacuo 
to a small volume and shaken with ether in order to remove the lipids. 
The ether was then removed and the volume* of the extract was made to 
correspond with the weight of the minced material so that 1 ml of the 
extract corresponded to 2 g of fresh material. The pH of the extract 
was throughout these procedures kept on approximately 4..‘». 

These extracts, in the following called aortic extracts, were tested 
on the blood pressure and the non-pregnant uterus in situ of the cat in 
chloralose. The effect of the extract -was compared with that of adrena- 
line (Bark, Davis & Co) and of dl-nor-adrcnaline (arterenol). Sometimes 
it Avas necessary to sensitize the cat towards these sympathomimetic 
agents as well as towards the extracts by giving 8 mg/kg cocaine hydro- 
chloride i.ru. Dihydroergotamine^ O.o mg/kg i.v. was used to inhibit 
or reverse the pressor action of adrenaline. 

As has been mentioned, extracts of this kind give an initial lowering 
of the blood pressure and this action can be removed by repeated treat- 
ment with Fuller’s earth at about pH 4. In order to study the nature 
of this depressant substance, the Fuller’s earth, after having been used 
for adsorption, was treated with an aqueous 10 % pyridine solution at 
pH 8 for half an hour under occasional stirring. After filtration the 
pyridine was removed in vacuo and the pH adjusted to neutral. Thep 
extracts, in the following called Fuller-extracts, were then tested as will 
be described later. 


Results. 

1. The Pressor Action (Aortic Extracts). 

A. Cat^s Blood Pressure. 

The aortic extracts cause a marked initial fall in blood pressure 
which is sometimes followed by a marked elevation. This is, 
^1 Kindly ^ut at my disposal by professor E. Eothlin, Sandoz A. G., Basel. 
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however not always the case, obviously due to the 
pressure’ level. When this is high the predominant effect of t e 
extracts is a pure fall in blood pressure, when low there is usual y 
a secondary rise. After treatment once with Fullers earth the 
depressant action is diminished and a secondary rise is observed. 
After a second treatment 
the depressant phase has as 
a rule disappeared and there 
is now only a marked ele- 
vation of the blood pressure 
(fig. 1). 

After treatment with 
iodine at pH 8 this depres- 
sor activity is reduced 
almost to annulment. 

When a pure adrenaline 
solution or a solution of 
nor-adrenaline is treated 
twice with Fuller’s earth a 
slight decrease in activity is 
noticed. When testing the 
amount of pressor substance 
obtained per unit of weight 
from the aortic wall it thus 
seems necessary to test it 
against Fuller’s earth- 
treated adrenaline. Using 
this method of testing, the 
aortic walls were found to 

contain an amount of pressor substance, equivalent to 2 
adrenaline per gram. 

After a dose of 0.5 mg dihydro-ergotamine per kg of body weight 
there is usually a reversal of the adrenaline effect but only a mod- 
erate decrease in the pressor effect of nor-adrenaline. The pressor 
action of the aortic extracts are usually not reversed by ergota- 
mme, which indicates that the active substance corresponds to 
nor a renaline (fig. 2). Sometimes, however, an extract may in 
one ca s ow this nor-adrenaline-like action but in another cat its 

pressor action is reversed by ergotamine, indicating the presence 
of adrenaline (fig. 3 ). ^ 

4 4804M. ActapJiys.Scandimv. Vol.15. 
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Fig. 1. Blood pressure j catj chloraloae. 
Untreated aortic extract, corresponding 
to 1 g aortic wall. 

The same extract treated once with Ful- 
ler’s earth. 

The same extract treated twice with Ful- 
ler’s earth. 
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Pig. 2. Blood pressure, cat, chloralose, 

A. 2 /(g adreualine, treated twice with Ful- 
ler’s earth. 

B. Aortic extract, corresponding to 1 g 
aortic wall, treated twice with Fuller’s 
earth. 

Between B and C 0.5 mg/kg dihydro- 
ergotamine i.v. 

C. The same as B. 

D. The same as A. 



Fig. 3. Blood pressure, cat, chloralose. 
After 0.5 mg/kg dihydro-ergota- 
mine i.v. 

A. Aortic extract, corresponding to 
1 g aortic wall, treated twice with 
Fuller’s earth. 

B. 1 (tg nor-adrenaline. 
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Fig. 4. Cat, chloralose, cocaine-HCl 8 mg/kg i.in. 

Upper curve: blood pressure. 

Lower curve: non-pregnant uterus. 

A. Aortic extract, corresponding to 1 g aortic wall, 
treated twice with Fuller’s earth. 

B. ' 2 /'g adrenaline. 
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Fig. 5. Cat, cliloralose. 

Upper c^irve: blood pressure. 

Lower curve: uoii-pregnant uterus. 

A. 4 //g adrenaline. . ^ 

B. Aortic extract, corresponding to 3 g aortic wall, treated twice with Fuller s 
earth. 

C. 4 /fg nor-adrenaline. 

P. Puller-extract, corresponding to 4 g aortic wall. 

B. Cat^s Non-pregnant Uterus in Situ. 

On tlie non-pregnant uterus of tlie cat adrenaline causes a re- 
laxation whereas nor-adrenaline does not exert any visible changes 
in tone. When the depressor activity had been removed from the 
aortic extracts hy treating them with Fuller’s earth, these extracts 
have as a rule no effect on the uterus (fig. 4). It sometimes happens, 
however, that the aortic extracts with pure pressor effect give a 
slight relaxation of the uterus, thus more corresponding to adrena- 
line than to nor-adrenaline (fig. 5). If the pressor effect, however, 
is preceded only hy a slight depressor phase the uterus shows a 
distinct relaxation (fig. 6). 

2. The Depressor Action (FuIIer-exti’acts) 

A. Cat’s Blood Bressure and Non-pregnant Uterus in Situ. 

The extracts from the material absorbed by the Fuller’s earth 
give a sharp fallinhlood pressure, usually followed by a secondary 
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rise. This effect on the blood pressure is accompanied by a relaxa 
t.on of the uterus duriug the secondary increase in blood press^e' 

on the blood pressure still exists after boiling the 
Fuller-extracts in normal hydrochloric acid for 10 minutes. ^ 
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Fig. 6. Catj chloralose. 

Upper curve: blood pressure. 

Lower curve: non-pregnant uterus. 

Aortic extract, corresponding to 1 g aortic wall, treated once with Fuller’s earth. 

The sharp fall in blood pressure, accompanied by a relaxation 
of the uterus is very similar to the effect of histamine. This corre- 
lation was further strengthened by the finding that a previous 
intravenous dose of 10 — 20 mg of dimethylaminoethylbenzyl- 
aniline,^ the antihistaminic substance described by Halpern 
(1942), greatly reduced these effects of the extracts and to the 
same extent as histamine was found to be counteracted. 

B. Isolated Small Intestine of Guinea-pig. 

The Fuller-extracts contract the isolated small intestine of the 
guinea-pig. The amount of this contracting substance in these ex- 


1 “Lergitin**, B-ecip, Stockholm. 
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tracts corresponds to about 1 /^g of bistamine dibydrocliloride 
per gram fresh aortic wall. The contraction of the intestine is quite 
abolished by previous addition to the suspension fluid of 2 [ig of 
the above-mentioned antihistaminic substance (fig. 7)- This 
substance seems to be rather specific in its action against histamine, 
the action of acetylcholine and choline only 
being insignificantly influenced. 

C. Action on the Human Skin. 

When applying a drop of the Fuller-ex- 
tract on the skin of the fore-arm and then 
making a pin-prick in the skin under this 
drop there soon develops the characteristic 
response, designated by Lewis as “triple 
response”. The appearance and duration of 
the wheal reaction closely corresponds to 
the action of a histamine solution with 
equal strength as determined by its intest- 
ine contracting power. 

D. Diazo Reaction. 

The Fuller-extracts show a positive 
Pauly’s diazo reaction. Probably due to 
impurities which destroy the diazonium 
salt, this reaction, however, becomes posi- 
tive only when using reagents which are about 5 — 10 times the 
strength of those originally suggested by Pauly. 

Discussion. 

Euler (1945, 1946) found that the pressor activity in extracts 
from various organs could be attributed to the presence of a sub- 
stance which in its action closely corresponds to nor-adrenaline. 

The pressor activity in the aortic wall extracts, made according 
to Euler s method, also seems to correspond to nor-adrenaline, 
but for two reasons. Sometimes it occurs that the pure rise in blood 
pressure is accompanied by a slight relaxation of the uterus and 
sometimes it occurs that the pressor effect of the extracts are re- 
versed after ergotaminization. These two facts could be taken as 
an evidence that the pressor activity in some cases is due to 
a rena me. Vheu the depressor phase is not quite removed the 
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t f ■ 

B C. 

Fig. 7. Isolated small 

intestine of guinea-pig. 

Bath-volume 20 ml. 

A. Fuller-extract, cor- 
responding to 1 g of 
aortic Trail. 

B. 2 //g of antihista- 
minic substance. 

G. The same as A. 


t 
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relaxation of tlie uterus is more pronounced. It seems obvious 
from the present investigation that these rather puzzling facts 
must be considered in relation to the nature of the depressor 
substance. 

The depressor activity can be removed by treating the extracts 
with Fuller’s earth. When this depressor substance (or substances) 
has been adsorbed to the Fuller’s earth it has been eluated from 
this and tested separately. It then became obvious that the de- 
pressor activity at least to a great extent is due to the presence of 
histamine. The reasons for this statement are due to the following 
facts: 1. On the cat these Fuller-extracts give a marked fall in blood 
pressure usually followed by a secondary rise. This effect can be 
considerably diminished by pre-treatment of the cat with an 
antihistaminic substance. 2, On the isolated small intestine of the 
guinea-pig these extracts cause a strong contraction which is 
abolished by a very small dose of antihistamine. 3. They give a 
typical histamine wheal reaction on the skin. 4. They show a posi- 
tive diazo reaction. 

In the light of the fact that the aortic extracts contain rather 
large amounts of histamine (approximately 1 fig per gram of 
fresh tissue) it becomes clear that when not all of the histamine 
is removed the secondary rise in blood pressure can be accompanied 
by a relaxation of the uterus, since it is well known that histamine, 
especially when the blood pressure level is low, causes an increased 
output of adrenaline from the adrenals (Dale, 1920, Kellaway 
and Cowell, 1922, Hogben, Schlapp and Macdonald, 1924, 
Burn and Dale, 1926, Feldbeeg, 1929). Then to the pressor 
action of the extract is added the action of adrenaline, produced 
by the test-animal itself. Even when all the depressor activity is 
removed, as judged from a pure rise in blood pressure, there may 
still be some traces of histamine left, the depressor activity of 
which is masked by the pressor substance, but which nevertheless 
may cause an output of adrenaline, sufficient to give a relaxation 
of the uterus. 

The same argument holds true also for the apparently adrena- 
line-like action after ergotamine. In those cases where the pressor 
action of the aortic extracts is reversed by ergotamine we might 
suppose that this is due to a small amount of histamine which 
causes an output of adrenaline, masking the effect of the extract’s 
pressor substance, the action of which is in itself already diminished 
by the ergotamine. 
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Tlie cases where the extracts exert an adrenaline-like action are 
few, hut they still nevertheless exist. This might possibly be due 
to a high susceptibility towards histamine in some of the cats. 

After treating the extracts with iodine in alkaline solution the 
pressor activity is destroyed and one might then suppose that any 
histamine remaining after the treatment with Fuller’s earth would 
then come into visible action. But unfortunately, histamine is 
also destroyed by iodine in alkaline solution. 

Summary. 

The depressor and pressor activity of extracts from the aortic 
walls of cattle have been investigated, using the extraction method 
described by Euler. 

The depressor action seems to a great extent to be due to the 
presence of histamine in the extracts. 

The pressor action of the extracts is due to some substance 
which in most cases mimics the action of nor-adrenaline but in 
some cases is more like adrenaline. This difference in the action 
of the extracts is not due to the presence of different pressor 
substances but to the presence of contaminating histamine. Traces 
of histamine, though masked in its action on the blood pressure by 
tke pressor substance, may cause a liberation of adrenaline in the 
test-animal itself. 

The expenses of this investigation were defrayed by a grant 
from the Therese and John Andersson Memorial Foundation. 
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Blood Lactate and Oxygen Debt After 
Exlifiustiye Work at Different 
Oxygen Tensions. 

By 

ERLING ASMUSSEN, W. v. DOBELN and MARIUS NIELSEN. 
Beceived 17 October 1947. 


On. tlie International High. Altitude Expedition to Chile Ed- 
WAEDS (1936) made the unexpected ohsexvation that when one 
worked at the limit of his strength the Wood lactate concentration 
was lower than it had been at maximal exertion at sea level. 
This effect became more pronounced with increasing altitude, 
and at 5,300 m the blood lactate after exhaustive work was 
hardly above the usual resting value. The diminished accumula- 
tion of lactic acid was assumed by Edwaeds to be due to a pro- 
tective mechanism. Dill (1938) also regards this phenomenon as 
caused by useful safeguards against overexertion and in discus- 
sing Edwards’ findings writes: “It is as though the body, realiz- 
ing the delicacy of its situation with regard to oxygen supply, 
sets up an automatic control over anaerobic work which renders 
impossible the severe acid-base disturbances which can be vol- 
untarily induced at sea level”. 

Hill, Long and Ldpton (1924) in studying the effect of 
breathing air mixtures rich in oxygen on the capacity for work 
found a corresponding paradoxical relationship between oxygen 
tension and tnaximum oxygen debt, the latter being considerably 
larger if the oxygen tension in the inspired air is higher than 
normal. Hill, Long and Lupton had not expected this, but 
rather the reverse, and tended to regard it as being connected 
with the diminished distress associated with the increased oxygen 
content of the arterial blood. 

In the present paper we have studied the effect of acute anoxia 
on t e capacity for work, and on the ability to accumulate lactic 
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acid and to contract an oxygen debt. In sucb experiments there 
are no disturbances of the acid-base balance of the blood previous 
to the .work in contradistinction to experiments made on subjects 
acclimatized to high altitude. In some cases the alkaline reserve 
of the subjects Avas lowered previous to the experiments by 
ingestion of large amounts of NH 4 CI. Furthermore we have re- 
peated the experiments of Hill, Long and Lupton on subjects 
breathing 100 per cent oxygen. 


Methods and Procedures. 

The capacity for work was determined in two ways, viz. 1) as the 
maximum work that could be performed at' a given rate (2,000 mkg 
per minute) and 2) as the shortest possible time necessary for perform- 
ing a given amount of Avork (9,860 mkg). 

The experiments Avere performed on a Keogh’s bicycle ergometer, 
which besides the normal electrical brake Avas furnished Avith a fric- 
tional braking device (Asmussen and Boje 1945) to be used in the 
second series of experiments. 

The blood lactate Avas estimated on capillary blood from the finger 
according to Edwaeds (1938). The highest value, which is reached 3 
to 6 minutes after cessation of work, Avas used. The maximal oxygen 
uptake during work and the oxygen debt (extra oxygen uptake for the 
first 25 minutes after cessation of Avork) Avere determined by the 
Douglas-bag method. The anoxia was produced by having the sub- 
jects breathe a mixture of nitrogen and oxygen (12 per cent) from a 
large rubber bag being continuously refilled from a cylinder. Pure 
oxygen Avas administered in the same Avay. The alkaline reserve Avas 
determined as the total CO, content of the arterialized capillary blood 
on the VAN Slyke apparatus. 

As subjects served 3 young Avell trained students. All experiments 
were made in the morning under standard conditions. 

Results. 

Table 1 shows the results from the experiments on subject P. 
Th. and subject C. P. working at a constant rate till exhaustion. 
In both subjects the total work performed is greatly increased 
with increasing percentage of oxygen in the inspired air. The 
maximal oxygen consumption during work is considerably lower 
in 12 per cent oxygen than in normal air. In both subjects the 
oxygen debt seems on an average to be slightly higher in low 
oxygen than in normal air, Avhereas the lactic acid concentration 
tends to be a little lower in 12 per cent oxygen than in normal 
air and in pure oxygen. 
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Table 1. 


Worh at Constant Rate: 2,000 mkglmin. 


Subject 

Inspired 

air 

Duration 
of work 

min. 

Total 

work 

mkg 

Max. O 2 - 
oonsump, 
during 
work 
1/min 

Oj-dcbt 
in 25 
min. 
recovery 

Max. 

blood 

lactate 

nig% 

P. Th 

12 % 0, 

2.05 

4,100 

2 . 2 c 

8.29 

117 


» 

1.88 

3,770 

2.48 

8.37 

94 


21 % 0= 

3.35 

6,700 

3.70 

8.85 

135 


» 

2.97 

5,940 

3.11 

' 7,15 

110 


100 % 0, 1 

4.10 

8,200 



_ 

109 


» 

4.92 

9,840 

— 

— 

128 

G. P 

12 % 0, 

2.42 

4,840 

2.01 

10.8C 

108 


» 

2.42 

4,840 

2.32 

11.71 

110 


21 % 0, 

3.29 

6,570 

3.18 

9.01 

118 


» 

3.G2 

7,240 

3.53 

11.63 

136 


100 % 0, 

4.14 

8,270 

— 

— 

114 


Table 2. 


Total Work 9,860 mkg. 
Subject P.L. 


Inspired air 

1 Date 

1 Performance 
1 time 

min. 

1 Max. O 2 - 
J consumpt, 
/during work 

J/min. 

1 Oa-debt 
in 25 min. 
recovery 

I 

Max. 

bfood 

1 lactate 

' “g % 

12% 0 ,.... 
» .... 

21 % 0 ,.... 

J> . . . , 

100 % 0 ,.... 

» .... 

3/28 

4/4 

4/2 

4/9 

4/11 

4/16 

6.27 

7.62 

5 .OI 

5.54 

5 .OI 

4.89 

2.02 

2.37 

3.89 

3.81 

14.2 

10.9 

12.4 

11.3 

212 ' 

175 

140 

126 

112 

134 



»■> P- 1- whose 

necessary for performing'aTork of 

the performance “f ? ^ that 

and slightly decreased in drably increased in low oxygen 
formance time in normal ab compared with the per- 

juring work when breatbi ' ?? “^^imal oxygen consumption 
than in the nirmal exnt ^ P ?,? lower 

ference between the oxygeTStl^ll 

yg n debt in 12 per cent oxygen as com- 
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Table 3. 


Experiments with Lowered Alkaline Reserve. 


Subject 

b 

p 

rK 

CD 

Con- 

dition 

Total 
ar- 
terial 
CO, 
Vol % 

Dura- 
tion of 
work 

min. 

Total 

work 

mkg. 

Max. O 2 - 
uptake 
during 
work 
1 /min. 

Og-debt 
in 25 
min. 
recovery 
1 

IMax. 

blood 

lactate 

% 

P. Th 

4/24 


58 

3.32 

6,640 

3.41 

8.76 

WH 

(constant rate 

4/25 


54 

3.86 

7,720 

3.76 

9.83 

H 

2,000 

4/29 

NH 4 CI- 

41.5 

3.55 

7,100 

3.64 

8.06 


mkg/min) 


acidosis 

43.5 

4.02 

8,040 

3.66 

9.31 


P. L 

4/25 

normal 

49 

5.25 

9,860 

— 

12.21 

128 

(total work 

4/30 

1^401- 

39.5 

5.29 

9,860 

3.76 

10.83 

136 

9,860 mkg) 

5/2 

acidosis 

33 

5.12 

9,860 

4.32 

10.43 

114 


pared to the oxygen debt in normal air and the scattering of the 
single determinations allows no conclusions to be drawn as to 
eventual smaller differences. The maximum lactic acid concen- 
tration is about the same in pure oxygen and in normal air but 
is distinctly higher in 12 per cent oxygen. 

In the experiments in table 3 the alkaline reserve was lowered 
by giving the subjects about 15 grams of NHiCl on the day 
previous to the experiment and about 5 g early in the morning 
of the experimental day. The experiments on P. Th. were per- 
formed at a constant rate of work till exhaustion and those on 
P. L. with a constant amount of work performed in the shortest 
possible time. It is seen from table 3 that the lowering of the 
alkaline reserve has had no appreciable effect on the capacity 
for work or on the maximum oxygen uptake during work. Nor 
were the oxygen debt or the maximum lactate concentration in 
the blood affected. 


Discussion. 

The present experiments have shown that by an acute lowering 
of the oxygen tension of the inspired air the capacity for maxi- 
mal work is considerably reduced, whereas the ability to con- 
tract an oxygen debt and to accumulate lactic acid is practically 
unchanged with the exception of the experiments in table 2 in 
which the lactic acid is considerably higher in low oxygen than 
in normal air. The explanation for this exception may be that 
















blood lactate and oxygen debt. DJ- 

the possibility for a diffusion equilibrium between the lactic acid 
content in the muscles and the blood in the actual working period 
is greater due to the longer duration of the work. The opposite 
tendency for the blood lactates in table 1 to be lower in low oxy- 
gen than in normal air may be explained correspondingly as being 
due to the shorter duration of the work in low oxygen in this 
type of exercise. It therefore seems natural to assume that the 
limit for maximum work is set at a critical value of the lactic 
acid concentration in the muscles, which is of the same height 
in low oxygen and in normal air. This assumption is supported 
by the experiments in pure oxygen, which show, that although 
the capacity for maximal work is considerably increased, the 
maximal lactic acid concentration is about the same as in normal 


air. 

The results of the present experiments are at variance with 
the results of those of Edwabds (1936) in which the ability to 
accumulate lactic acid was greatly decreased during a sojourn 
at high altitude. Edwards’ subjects had spent a considerable 
time at high altitude and as suggested by Dili. (1938) their 
failing ability to accumulate large amounts of lactic acid might 
be due to the lowered alkaline reserve existing under such con- 
ditions. In the experiments in table 3 the percentage decrease in 
alkaline reserve corresponds to the decrease in alkaline reserve 
found in subjects living at altitudes between 3.7 and 6,0 km 
as estimated from the graph given by Dill, Talbott and Con- 
soLAZio (1937). But as shown in table 3 neither the capacity 
for work nor the ability to accumulate lactic acid were impaired 
by this lowering of the alkaline reserve. 


Judging from these experiments is seems doubtful to us to con- 
sider the diminished ability for formation of lactic acid at high 
altitude as the effect of a useful acclimatization but rather as 


being due to a general weakening of the subjects living under the 
stresses of high altitude. Such a weakening could be assumed to 
lower the ability to perform anaerobic work and, therefore, to 
produce lactic acid, the effect being brought about by an impair- 
ment of the central nervous system which is known to be specially 
sensitive to low oxygen tensions. A weakening of the oxygen 
ransporting system (generally or specifically of the heart or 
diaphragm as supposed by Edwards), but with the ability to 

remaining intact, could on the other 
uo decrease the ability to accumulate lactic acid. 
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A decreased ability to perform anaerobic work might also be 
explained as being due to local changes in the muscles, if for 
instance the sojourn at high altitude caused a decrease of the 
content of glycogen in the muscles or an inhibition of the trans- 
formation of muscle glycogen to lactic acid. 

Summary. 

On the International High Expedition to Chile Edwards (1936) 
found that the maximum lactate concentration after exhaustive 
work was much lower than at sea level. In the present experi- 
ments with acute changes of the oxygen tension in the inspired 
air the following results were found. 

1) At a decreased oxygen tension the capacity for work was 
lowered, but the maximum lactate concentration was, practically, 
the same or — in one type of work — higher than in normal air. Also 
the oxygen debt was practically the same as in normal air. 

2) In pure oxygen the capacity for work was increased but 
the maximal blood lactate concentration was practically the 
same as in normal air. 

3) A lowering of the alkaline reserve by ingestion of NHiCi 
corresponding to the decrease found at altitudes from 3.7 to 
6.0 km had no effect on the capacity for work or on the maximum 
blood lactate concentration and oxygen debt after exhaustive 
work. 

According to these results it seems doubtful that the failing 
ability to accumulate large amounts of lactic acid at high alti- 
tudes is the effect of a useful acclimatization, but that it is due 
rather to a progressive weakening of the subjects making them 
less able to perform anaerobic work. 
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The Influence of Muscular Exercise on the 
Tolerance of Digitalis in Guinea-Pigs. 

By 

ADA ELMQtnST and HAKAN KYDIN. 

Eeceived 17 October 1947. 


Experience shows that heart patients, who have got a certain 
maintenance dose of digitalis in hospital, after leaving very soon 
get back symptoms of cardiac decompensation. We thought that 
this might be partly due to a change in the need of digitalis follow- 
ing on increased physical movement subsequent to being in hos- 
pital. We have not been able to discover any clinical or experi- 
mental investigations on animals in support of this. We have 
therefore taken up the question and have begun to investigate 
the influence of muscular exercise on the tolerance of digitalis 
in guinea-pigs. 


Methods and Kesnlts. 

a) Experiments with Muscular Exercise. 

The experiments were carried out on guinea-pigs weighing 
300 — 400 g. The animals were divided into 3 groups, the first and 
the second each comprising 20, and the third 15. 

Groups I and II were given daily subcutaneous injections of 
digitalis (Digitotal Astra, 1 ml respond. 10 eg fol. dig. internat. 
stand.). When applied subcutaneously, LD 50 of this preparation 
was 0.25 ml per 100 g guinea-pig. The third group served as a 
control and was given no digitalis. Immediately after every digi- 
ta IS injection the animals in group I were allowed to run about 
as ong as they had the strength, though not longer than one hour, 
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while the ones in group II were not exercised. The exercise took 
place on a moving platform, which consisted of a box, about 2 m 
long, and on the bottom there was a mat which kept on moving 
at the rate of about 10 m per minute. The guinea-pigs were kept 
on the run, there being a rotating broom fixed at one of the short 
ends to prevent them from sitting still. Times and weights were 
followed. Before the tests with digitalis were begun, the animals 
were trained for a few days in running. 

During the first test day all the animals received Digitotal in a 
dose of 0.125 ml per 100 g guinea-pig, i. e. Ya of LD 50. Several of 
the animals in both groups were rather affected, being weak and 
dull, at the same time as they showed a reluctance to move. Most 
of the animals that were set to run could keep on for about 15 — 30 
minutes. After a few hours the symptoms of the digitalis injec- 
tions had disappeared. It was the same thing on the second test 
day, and in consequence the injections were afterwards divided 
up into 2 doses per day (2 X 0.075 ml per 100 g guinea-pig), the 
animals in group I now running for one hour twice a day. On the 
third test day the animals were less affected by the digitalis, 
and during the following days the immediate discomfort caused 
by the injections became less and less. The dose was therefore 
increased to 2 X 0.125 g per 100 g animal and day. This quantity 
of digitalis (half the lethal dose twice a day) was now given to the 
animals for three weeks. With this strong dosage the animals were 
almost, as much affected during the first few days as they were 
during the first few test days. They were able to accomplish the 
running for 15 — 30 minutes; the second run was usually somewhat 
shorter than the first. After some days the animals stood up better 
to the dose and were able to increase the time from 30 — i5 min- 
utes per time and per animal. Most of the guinea-pigs, however, 
still showed the effects during the first hours after the injections, 
though not to such a pronounced degree as during the first test 
days, which will also be seen from their running times. The 
following table gives the mortality during the test time. 

Table 1. 

Group I Group II 

(exercised) (not exercised) 

21 IP 

18 9 


Dead . , , . 
Survived . . 
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The result has been treated statistically according to T'isher 
(1936) with X* analysis. 

P denotes probability that different groups belong to the same 

population. , 

P ^ 0.05 denotes that there is a probable difference between tne 

groups, 

P ^ 0.01 denotes that the difference is very probable. 

P ^ 0.001 denotes that the difference is significant. 

For the difference between groups I and II P = 0.01—0.001. ^ 

During the month that the test was going on the surviving ani- 
mals had each received 5.3 ml digitotal per 100 g animal subcu- 
taneously, corresponding to 0.53 g fol. dig. internat. stand. None 
of the animals died during the first few hours after the digitalis 
injections. All the guinea-pigs increased in weight during the test 
time with the exception of the ones that died, and they decreased 
in weight only during the last 2 — 3 days. If we exclude these days, 
there is no difference in the weight increase, either between the 
two groups that received digitalis or between these and the con- 
trols in group III. 

The heart action was followed by electrocardiograms. The 
animals were fixed in recumbent positions and needle electrodes 
applied hypodermically in the right and left fore-legs and the 
left hind-leg. The customary 3 leads were registered, firstly 
before, secondly after the digitalis treatment and muscular exer- 
cise. The heart rate was usually about 300 per minute, though 
occasionally it could go down to about 250. The T-waves were 
upright or isoelectric. The atrioventricular conduction time was 
0.06—0.08 seconds. There were no changes in the RST segment 
until the animals were in a really bad way or until just before they 
died. It was not possible to observe any continuous changes. 
Occasionally it was possible to observe some decrease in the heart 
rate, a depression of the T-wave and a slight deviation of the RST 
segment, but all of this was of a transitory nature. It was not 
possible to register any electrocardiographic difference between 

moving platform and the ones 

wnicn did not exercise. 


Determina,tion of the Minimum Lethal Dose of Dieitalis 
on the sumvmg Guinea-Pigs according to KnaflLLent 

- ton,,, ^ was necessary to 

0 — 4804W. Acta phys. Scandinav. Vol. 15. 
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kill the animals was determined on the surviving guinea-pigs. 
Knaffl-Lenz’ method was adopted with the modifications applied 
by the State Pharmaceutical Laboratory (Kallrot and Eydin, 
1943). The result will be seen from the following table. 

Table 2. 

Group I 

(digitalis-treated, exercised, 16 animals) . . , 16.0 ± 0.79 mg/100 g guinea-pig 
Group II 

(digitalis-treated, not exercised, 8 animals) , . 13.6 ± 0.36 > > > 

Group III 

(non-treated controls, 15 animals) 17.8 ±0.95 > > > 

Two of the surviving guinea-pigs in group I and one animal 
in group II died under the urethane anesthetic before biological 
assays had been started. 

The T-analysis according to Pisher shows that the difference 
between groups III and I is not even probable (P = 0.2), while 
the difference between groups III and II is statistically significant 
(P < 0.001), The difference between groups I and II is significant 
(P = 0.01—0.001). 

Thus m. 1. d. digitotal was less for the animals that did not run 
on the platform than for those which had to run and for those 
that served as controls. 


Discussion. 

Experiments carried out under our test conditions show that 
muscular exercise increases the tolerance of the guinea-pig for 
digitalis. It does not seem possible to offer any reliable explana- 
tion for this fact at present. Nevertheless it seems probable that 
the increased flow of blood through the tissues brought on by 
muscular exercise binds digitalis to the blood and cells far more 
than rest does. The fact that metabolism is greater when work is 
in progress may also partly explain the increased elimination of 
digitalis in the case of muscular exercise. 

The experiments also showed that the cumulative action of 
digitotal-solution in guinea-pigs were slightly pronounced. This 
was specially the case with the animals that did the running, 
though it was also apparent in the second group as well. Thus, 
a considerable number of the animals survived (table 1) after a 
daily supply for one month of large doses of digitalis, every day 



67 


tolerance of digitalis in guinea-pigs. 
during the last three weeks the lethal dose divided into 2 doses 

daily- 

We have not been able to find any literary statements con- 
cerning the cumulative effect of digitalis on guinea-pigs, never- 
theless its effect on cat, rat and mouse is considerably greater 
than our tests on guinea-pigs (Lendle 1935). 

As a cause for the small cumulative effect of digitalis in our 
experiments could be proposed that the capability of guinea-pigs 
to absorb digitalis subcutaneously is relatively slight. The animals, 
however, were rapidly affected by the injections and, to judge 
by appearance and behaviour, after the same time and in the 
same degree as after injections of an alcoholic extract of folium 
digitalis or a pure digitoxinpreparation in the same quantity 
corresponding to the lethal dose. 

On the other hand it seems to be reasonable to suppose that 
the digitotal'Solution used only causes a slight cumulative effect 
on guinea-pigs in proportion to other digitalis preparations. To 
support this we refer to our experiments wdth subcutaneous in- 
jections on guinea-pigs of alcoholic extract of folium digitalis and 
of digitotal tablets and with pure digitoxin under the same ex- 
perimental conditions, where the cumulative effect was stronger. 
These investigations supported that the small cumulative effect 
was not due to a specially low digitoxin content in the digitotal- 
solution. Control experiments showed that the glycerine in the 
digitotal-solution did not influence the results (Elmqvist and 
Rydin, 1947, 1). 

The rapid elimination of digitalis can also be a cause to the small 
cumulative effect of the digitotal-doses used (Elmqvist and 
Rydin, 1947, 2). 

Our investigations seem to indicate that in certain circumstances 
the organism can accustom itself to digitalis, and after repeated 
doses it can tolerate this stimulant better than it did at first. 
Thus, when the guinea-pigs had received digitalis injections for 
9 days, they were less affected immediately after the injections 
during the ensuing weeks than they were after the first few doses, 
even though they received twice as much latterly. This observa- 
tion concerning habituation to digitalis only refers to the visible 
^ digitalis during the first few hours after the injection, 

w en the animals were apathetic and weak and showed no desire 

o move ®ven when touched: it does not refer to the cumulative 
digitahs effect, which by means of Knaffl-Lenz’ tests could be 
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proved in the animals that had not been exercised. Hence, there 
is no reason why habituation in this meaning and cumulation 
should be opposed to each other. 

According to certain literary statements the administration 
of digitalis for any length of time produces a decreased suscepti- 
bility to glycosides. For example, Utsonomiya (1927) considers 
that he has established this fact with regard to mice. Klein 
(1916) found a reduction in the salivation reflex in cat after re- 
peated strophantin injections. He did not interpret this as a 
typical habituation but as an “Abstumpfung der Organreaktion”, 
as there was no simultaneous reduction in the glycoside storage. 
It seems to us as if the habituation we have observed in our ex- 
periments must be assigned to a similar reaction to that described 
by Klein. 

Our experimental investigations on animals should be continued 
on clinical material. The result seems to indicate that heart pa- 
tients in movement require more digitalis than they do in bed. 

Summary. 

Experiments have been carried out on guinea-pigs, which were 
given daily doses of digitalis subcutaneously for one month. Its 
effects were followed inter alia by observing the mortality among 
and the weight of the animals. The minimum lethal dose for intra- 
venous digitalis administration was determined on the surviving 
animals according to Knaffl-Lenz. The following results were 
obtained: 

1) The animals which were immediately exposed to extra mus- 
cular exercise after the digitalis injections showed a greater digi- 
talis tolerance than those which did not have to run (tables 1 
and 2). 

2) Under our test conditions it was possible to establish a sort 
of habituation of the guinea-pigs to digitalis. The strong general 
effect shown by most of the animals during the first few hours 
immediately following on the digitalis injections in the first few 
days gradually subsided. 

3) During weeks the guinea-pigs could tolerate comparatively 
large doses of digitalis (half LD 50 doses twice daily). We attribute 
this to the low cumulative effect of digitotal, the digitalis prepa- 
ration we used, and to the rapid elimination of digitalis in the 
guinea-pig. 



TOLERANCE OF DIGITALIS IN GUINEA-PIGS. 


69 


Eeferences. 

ElmqvisT; a., and H. Eydin, ISd'i (1). Proceeding investigation. 

— , 194:7 (2). In manuscript. 

Fisher, R. A., Statistical Methods for Research Workers, Edinburgh 
1936. 

Klein, K., Z. exp. Path. Ther. 1915. 17. 143. 

Kallrot, G., and H. Rydin, Sv. Farm. Tidskr. 1944. 278. 

Lendle, L., Heffters Handb. exp. Pharmak. 1935, Erg. Bd I. 11. 
Utsonomiya, H., Okayama — Igakkai — Zasshi 1927. 39. 1417. Cit, 
after Ronas. Ber. ges. Physiol. 1928. dd. 157. 



From the State Pharmaceutical Laboratory, Stockholm. 


Studies on the Destruction and Cumulation of 
Folium Digitalis Purpureae and Folium 
Digitalis Lanatae in Guinea-pigs. 

By 

AUA ELMQVIST and HAKAN RYDIN. 

Received 17 October 1947. 


The destruction and cumulative action of folium digitalis 
purpureae and different glycosides or glycoside mixtures of 
purpurea and lanata drugs has long been the subject of extensive 
research. In many cases, however, the results are divergent, 
varying according to the methods adopted and the kind of animals 
used in the experiments; this is shown by the review articles of 
Lendle (1934), Weese (1938), Movitt (1946) and others. Am ong 
investigations on this subject, we may mention those of Okushima 
(1922) and van Esveld (1931, 1932) and especially the studies 
made by Rothlin (1933, 1938), with Hatcher-Brody’s tech- 
nique, showing the comparative cumulative effects of digitoxin, 
digilanid and strophantin. According to most experimental in- 
vestigations on animals, the lanata glycosides have a markedly 
cumulative action, nearly equal to that of digitoxin, whereas the 
lanata preparations, on the basis of clinical observations, are often 
stated to have a weaker cumulative action with less marked 
secondary effects than the purpurea preparations, but with good 
therapeutic effect. It seems that, in drawing such conclusions, 
sufficient consideration had not always been paid to the distinc- 
tion between the relatively weak cumulative action, but thera- 
peutically favourable effect, on man, and the cumulative, usually 
highly toxic, effect in the experiments on animals. 

The dried leaves of digitalis lanata or galenic preparations 
thereof have not attracted the same interest as its glycosides or 
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folkm digitalis puipuieae. Merely a few imestigations on tbs 
subject ifve been published. Yak Ebveed (1931) fomd m cats 
a weaker cumulative effect of lanata tincture than that ot pur- 

purea tinctuie. _ . i • tj-l 

Eolium digitalis lanatae, however, is now included in Eharma- 

copoea Svecica. The reason why the leaves of digitalis lanata, 
for therapeutic purposes, have attracted less interest than the 
leaves of digitalis purpurea is largely due to the fact that glyco- 
sides can he more easily obtained, and in larger amount, from the 
former. Nowadays, in fact, we endeavour, for therapeutical 
purposes, to obtain effective and durable glycosides and glycoside 
mixtures with a constant composition. 

From a scientific point of view, however, the authors have con- 
sidered it to be of interest to institute a comparison between the 
said two digitalis drugs. In our previous determinations of the 
minimum lethal dose in guinea-pigs according to the Knaffl- 
Lenz’ technique, the lanata drug was found to be twice as toxic 
as the purpurea drug. In administration per os to patients with 
heart disease, however, the same doses of the- two drugs were 
required in order to obtain a fully satisfactory result. In short, 
no difference whatever in cumulative action or in other respects 
could be observed between the effect of the two drugs on man 
(BrdECK, Elmqvist, Nylin, Rydin 1946; Elmqvist, Kaenell, 
Nylin, Bydin 1948). 

It might seem natural to try and explain the above-mentioned 
difference between the results in the animal experiments and in 
the clinical investigations by the different resorption conditions 
in the alimentary canal. Such a supposition, however, is gain- 
said, for example, by Rothlin’s (1938) observations on the good 
resorption of lanata preparations (Digilanid) from the gut, as 
compared with the purpurea glycosides. Kwit, Gold andCATTELL 
(1940), on the other hand, found that Lanatosid C was not rapidly 
resorbed after administration per os either to cats or man. 

It seemed to us conceivable that the real reason of this discrep- 
ancy — at any rate in part — was to be found in different dis- 
truction and cumulation conditions. In connection with our 
previous obse^ations, we accordingly made serial experiments 
tion ^ ascertaining the destruction and cumula- 

n»r oK ° purpurea and lanata drugs as are used in 

guineamks experimental animals, we selected 

P g • hose animals have proved to be particularly suit- 
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able for digitalis studies, but, so far as we aware, had not pre- 
viously been used for investigations of this nature. 


Experimental. 

The experiments were conducted in two series. In the one series 
the guinea-pigs, in accordance with the procedure suggested by Fraen- 
KEL (1904:), daily received a sublethal dose of digitalis, with observation 
of the mortality. After a certain number of days the surviving animals 
received an intravenous injection of the same digitalis preparation, 
in order to determine the lethal dose. 

In the other series, in accordance with the procedure proposed by 
Hatcher and Brody (1910, 1912), the minimum lethal dose (m. 1. d.) 
of digitalis was determined at certain hours after the animals had re- 
ceived a sublethal single dose of that drug. 

The experiments were made on guinea-pigs weighing 400 — 500 
grams. The minimum lethal dose was determined in accordance with 
Knaffl-Lenz’ method, somewhat modified (Kallrot and Rydin 1944). 

The alcoholic extracts of folium digitalis purpureae and folium 
digitalis lanatae used for subcutaneous injections were prepared in 
accordance with the instructions for alcohol extraction in the Swedish 
Pharmacopoea Ed. XI, and contained 10 % and 5 %, respectively, 
of digitalis drug. 

In regard to biological effective strength, 1 gram of the purpurea 
drug used corresponded to 1 gram folium digitalis, international stan- 
dard, and 1 gram of lanata drug was equivalent to 0.73 gram, Swedish 
national standard. 

The results have been treated statistically according to Fisher (1936) 
with X® and t-analysis. 

P denotes probability that different groups belong to the same 
population. 

P ^ 0.05 denotes that there is a probable difference between the groups. 
P ^0.01 denotes that the difference is very probable. 

P ^O.ooi denotes that the difference is significant. 

a) Daily administration of sublethal digitalis dose. 

Twenty guinea-pigs received, in a single daily dose, a subcuta- 
neous injection of an alcoholic. extract of folium digitalis purpureae 
in an amount corresponding to 12 mg of the drug per 100 grams 
of the bodyweight. To twenty other guinea-pigs lanata extract 
was administered in an amount corresponding to 6 mg of the drug 
per 100 ^ams of the body-weight. These dosages amounted to 
67 % of the lethal doses. In regard to the surviving guinea-pigs, 
the lethal dose was determined in accordance with the Knaffl- 
Lenz’ method, on the morning of the day after the last subcu- 
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taneous mjection. The experiments were then repeated, with the 
following modifications; 20 guinea-pigs received twice daily 50 % 
of the lethal dose of purpurea extract, 19 guinea-pigs twice da,ily 
50 % of the lethal dose of the lanata extract. The corresponding 
lethal dose for guinea-pigs who had not previously received digita- 
lis was also determined at that time. 

The results are presented in table 1. 

Table 1. 


Besulis on guinea-pigs receiving repeated doses of alcoholic extract of 
digitalis subcutaneously. 


Groups 

Daily dose 
of digitalis 
in per cent 
of m. 1. d. 

Prepa- 

ration 

'Ntiinber of surviving 
animals 

Days after injection 

Lethal dose on 
surviving animals 
mg/100 g. 

1 2 3 4 5 6 7 

A 

67 X 1 

■■ 

20 18 15 8 4 

19.4il.l3 

B 

67 X 1 

1 

1 20 20 20 18 18 18 17 

9.4±0.31 

G 

50 X 2 

P 

20 10 5 3 0 


P 

50 X 2 

1 

19 17 17 17 13 9 7 

8.3±0.24 

E 

0 

P 


17.5±0.67 





(10 animals) 

F 

0 

1 


8.8i0.31 





(10 animals) 


p = digitalis purpurea. 1 = digitalis lanata 


The difference in the survival time between the animals that 
had received digitalis purpurea and lanata, respectively, is signifi- 
cant (P = 0.001). On the other hand, no significant difference in 
the lethal dose between the pretreated and non-pretreated animals 
could be ascertained. The experiments were conducted during 
the months of July and August 1945. 


b) Admimstration of a sublelhal single dose of digitalis with 
following m. 1. d. determinations. 

Two groups of 24 guinea-pigs each received subcutaneous in- 
]ections of an akoholic extract of folium digitalis purpureae and 
lanatae respectively, in a single dose corresponding to 80 % of 
e lethal dose after subcutaneous injection. The minimum lethal 
ose 0 digitalis purpurea and lanata, respectively, was then 
determined in accordance with the Knaffl-Lenz’ method, after 

in th^mornh’ ^ experiments were conducted 

in tne month of November 1945. 
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The following results were obtained: 

Fol. dig. piirp. 

M. .L. D.: 

1 hour after subc. inj. of 80 % of I. d. 10.6±0.G6 mg/lOOg (8 animals) 

2 hours i> » i> I) )) )> i> 10.9d;0.3 » (4 animals) 

4 » » » » » » » » 13.3±0.5 2 » (8 animals) 

6 » ■ » » » » » » )> 12.9-1-0.55 » (3 animals) 

for non-pretreated animals 14. 7 ±0.5 9 » (8 animals) 

Fol. dig. Ian. 

M. L. D.: 

1 hour after subc. inj. of 80 % of 1. d.5.5±0.34 mg/100 g. (8 animals) 

2 hours )> » » )> )> i> » 6.9±0.5 8 » (4 animals) 

4 » » » » » » 1 ) » 6.2+0.29 )) (8 animals) 

6 » » I) » i> )) )> » 6. 2 ±0.69 )> (4 animals) 

for non-pretreated animals 7.o±0.3 6 » (8 animals) 

The difference between the lethal dose of digitalis purpurea 
for non-pretreated animals and for the animals pretreated with 
digitalis is significant for the values after 1 and 2 hours (P = 0.001), 
whereas for the values after 4 and 6 hours it is not even probable 
(P = 0.1). 

For folium digitalis lanata the difference between the lethal 
dose for non-pretreated animals and for animals pretreated with 
that drug is very probable — significant for the 1 hour value 
(P = 0.01 — 0.001), whereas after 2, 4 and 6 hours the difference 
between the lethal dose for non-pretreated animals and the lethal 
dose for pretreated animals is not significant. 

Discussion. 

With the methods adopted by us, it has been ascertained that 
alcoholic extract of folium digitalis lanatae in guinea-pigs shows 
a greater destruction and a less marked cumulative effect 
than folium digitalis purpureae (see the tables). These results 
correspond with the comparison made by van Esveld (1931), 
in experiments on cats, between tinctures of these two drugs in 
accordance with the Hatcher-Brody procedure as well as with 
the clinical reports showing a lower cumulative effect and a more 
rapid destruction of the lanata preprations (Mowitt, 1946). So 
far as it is warrantable to draw conclusions from animal experi- 
ments as to the effect of digitalis on man, our observations on 
the greater destruction of the lanata preparations seem, at any 
rate in part, to account for the apparent difference in the effects 
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of the two digitalis drugs in our earlier experiments on animals, 
on the one hand, and clinical experiences on the other. 

In comparison with other kinds of animals, the guinea-pigs 
shows a particularly rapid destruction of digitalis. Thus, whereas 
with Hatcher-Brody’s procedure in experiments on cats the 
effect of an administration of digitalis amounting to 50 % of the 
lethal dose can be seen for at least 5 days as regards the purpurea 
preparation and for 24 — 48 hours as regards lanata tincture, a cor- 
responding effect in experiments on guinea-pigs after administra- 
tion of no less than 80 % of the lethal dose can be found a few 
hours only. According to Hatcher (1921), the effect of the first- 
mentioned digitalis dose can be observed for 5 — 12 days, 2 days, 
and less the one day as regards cats, dogs and rabbits, respectively, 
SoLLMANN (1944) contends that this persisting effect of digitalis 
is the shorter, the more resistant a species is to that drug. Our 
experiments on guinea-pigs show that this conclusion is not 
tenable. 


Our cumulation tests according to the method of Fbaenkel 
showed a good cumulative effect for the purpurea drug, as 
well as for the lanata drug in a somewhat higher dosage. The 
surviving animals, however, did not show any statistically signifi- 
cant reduced tolerance for digitalis in the Knaffl-Lenz’ tests, 
despite of the high digitalis dose (67 and 50 % of the lethal dose 
once resp. twice daily) that the animals had received for several 


days. These experiments likewise show the rapid destruetion of 
digitalis in guinea-pigs. It seems that, under our experimental 
conditions in testing these alcoholic extracts, no cumulative 
storage of digitalis in the organism takes place to any appreciable 
extent. In correspondence with the findings of Bauer and From- 


HERZ (1933), the cumulation in this case seems, instead, to be due 
to pathological changes in the functional or morphological state 
of the organism, which finally result in the death of the animal. 
On the other hand, an accumulation of digitalis can be found 
also in guinea-pigs if the drug is administered for a considerable 
length of time. This is shown by our experiments with Digitotal 
( stra), in which the animals received digitalis twice daily for a 
month (Elmqvist and Rydin, 1948). 

The experiments should be supplemented with electrocardio- 
grams, histcdogical examinations of the heart and certain other 
orgai^, on the same lines as the experiments conducted by Bauer 
and REiroElL (1938) on cats and by Bothiin on cats and dogs. 
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It would also be of value to supplement these studies by testing 
the effects of glycoside preparations (digitalis, digilanid,cedilanid) 
under the same experimental conditions as in the present investiga- 
tion. 


Summary. 

Experiments were made with guinea-pigs on the destruction and 
cumulation of alcoholic extracts of folium digitalis purpureae and 
lanatae on the basis of Fraenkel’s procedure as well as that of 
Hatcher-Brody. 

It was found that the lanata extract was eliminated more rapidly 
and was less cumulative than the pupurea extract. 

The guinea-pigs showed a particularly marked capacity for the 
destruction of digitalis. The cumulation, under our experimental 
conditions, does not seem to have been due to any storage of digi- 
talis in the organism. 
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The anamnesis of acute and chronic carhon monoxide poison- 
ing cases often reveal, that the patients during the first days and 
weeks at work easily get a headache and feel sick or dizzy. But 
the symptoms soon disappear after a time at work in CO-environ- 
ment. A kind of acclimatization has taken place, a common 
phenomenon in toxicology. A driver, for instance, who has become 
accustomed to CO, can stay in a garage, where a person, who is 
not acclimatized to it, immediately feels sick. An example of this 
follows. 

One morning our laboratory technician took blood tests of drivers 
at a garage. While the “acclimatized” drivers felt nothing in the room 
(the COHfa-content of their blood was 18 — 22 %) the laboratory as- 
sistant after a while felt dizzy, got a headache and lost consciousness 
owing to acute CO-poisoning. The COHb content ,of her blood was 
only 19.5 %, examined immediately after the poisoning. 

Patients also often complain, that the symptoms of poisoning 
appear more easily on their returning to work after a weekend or 
a vacation. The same phenomenon is very common in other 
poisonings such as nitroglycerin, nitroglycol, trinitrotoluene 
(THT) etc. poisonings. 

On the other hand we have observed that these poisons also 
can cause allergic symptoms. 
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Earlier Observations with Respect to Acclimatization. 

In the literature available in Finland we have found very little 
about studies on acclimatization when carbon monoxide is involved. 
Cambell (1929 — ^1930) reports, that rats, rabbits, mice and guinea 
pigs after acclimatization tolerate higher carbon monoxide con- 
centrations than before tests. Killick (1937) examined persons, who 
were, in a room where the CO-content was O. 023 — 0.046 %. She 
noticed, that they became acclimatized to this low carbon monoxide 
content. She observed no changes in the blood picture. But at the 
end of the experiment she found less COHb in the blood than in 
the beginning. Further, Killick observed polycythemia, reticulo- 
cytosis and increased blood volume in the acclimatized mice. She 
points out that some other factor too is involved in acclimatization. 
Nasmit and Graham (1906) put guinea pigs in CO-atmosphere, in 
which the COHb content of the blood reached 25 %, whereas the red 
cells and hemoglobin gradually increased during 4 weeks from 5.88 
mill, and 88 (Hb) to 7.9 6 mill, and 105 (Hb). As the CO content of the 
blood mounted to 45 %, the red cells also rose to 10.5 mill, and hemo- 
globin to 110. Folkeson (1944) demonstrated acclimatization in wor- 
ker's employed in steel mills in conditions where the air contained car- 
bon monoxide. He, too, points out, that the acclimatization depends 
not only upon polycythemia but also on some “absorption mechanism” 
in the body. According to German authors, in about 30 % of the chronic 
CO-poisoning cases polycythemia can be found (Symanski 1936). Nobo, 
however, has not observed distinct polycythemia in automobile drivers, 
who have had chronic carbon monoxide poisoning. 

Brieger (1943) examined dogs which during 11 weeks were ex- 
posed for 6 hours' 6 times weekly to 0.0096 % CO. After 3 weeks he 
found increase of Hb in five dogs. Hemoglobin reached the maximum 
after 6 weeks, but after 9 weeks it, as well as the red cells, had dimin- 
ished to the earlier level. 

Thus it has been proved, that, the organism can get acclima- 
tized both to great and small CO-content, The phenomenon has 
been proved to be caused by polycythemia together with some 
unknown factor. 


Questions. 

In order to explain the phenomenon of acclimatization accu- 
rately, we have tried to get an answer to the following questions; 

1 . How do rats and mice react to high CO-content, if exposed 
every day until unconsciousness occurs? 

How does the acclimatization develop and in what concentra- 
tions? 



acute carbon monoxide poisonings. 

2. How are acclimatization and polyc;^liemia related? 

3 Does any other factor play a role in acclimatization. 

4. What is the COHb content of the blood during repeated acute 
poisonings while acclimatization is developing? 

5. Do some general toxic symptoms appear after repeated acute 

CO-poisonings? 


The Apparatus and Experiment Technic. 

In Figure 1 the apparatus is described. 



Carbon monoxide for the experiments was obtained by dripping 
formic acid from container A into container B, in which there was 
cone, sulphuric acid. The latter was heated a little. Carbon monoxide 
was conducted through concentrated KOH-solution (C), in which the 
sulphuric acid was absorbed. From there the pure carbon monoxide 
was conducted into the supply container D, which is in connection 
with a bigger bottle (E), containing water. With an air pump F the 
air was pumped into E, whereat the pressure both in E and D increased. 
The gas was conducted from D into gasbyrette G. From this the re- 
quired amount of gas was conducted into exsiccator H, where the test 
animal was. When there was little under -pressure the conducting of CO 
into it was easy. 

The blood tests were taken as follows; A wound was cut in the blood 
vessel of the tail with a knife. The rat was put into bottle without a 
bottom, in place of which there was a removable tin lid with a hole 
for the tail of the rat. Fig. 2. 



Fig. 2. 
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Technic of the Experiments. 

The experiments were performed as follows: The test animal in the 
exsiccator was in the given CO-content (1 %, 0.5 %, 0.4 % or 0.25 %) 
until it lost its consciousness. However we did not wait until full un- 
consciousness was reached but for the moment, when the animal could 
not move any more when put on a sloping surface in the vessel. The 
interval between the beginning of exposure and the moment of un- 
consciousness was marked. 

We made our experiments with 20 rats and 47 mice. The average 
weight of the rats was 260 gr and the mice 28 gr. 

1. The Acclimatization of the Test Animals 
in Different CO-Contents. 

In Figure 3 the graphic curves of acclimatization of three rats 
in CO-contents of 1 %, 0.5 % and 0.4 % are given. 



The days of 
the examination 

Fig, 3. The increase of the carbon monoxide tolerance in different CO-contents. 

(On the axis of ordinates: The interval between tolerance (from beginning of 
the experiment to unconsciousness). On the axis of abscissas: The days of the 
examinations.) 

The curves indicate: 

If the CO-content was high (1 %), the test animals lost con- 
sciousness after about 5 minutes. In eight days only insignificant 
acclimatization could be observed. 
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If tte CO-content was 0.5 %, already on the third day dis- 
tinct increase of the interval of tolerance was observed, and on 
the eigth day it was about four times that of the first experi- 
ment day. 

In CO-content of 0.4 % the same result could be seen. How- 
ever, it can he noted in Fig. 3 that individual variations among 
test animals were observed. ”(One animal could not tolerate 0.4 % 
content as well as the other 0.5 % content.) 

The same experiment was made with 40 mice and 11 rats. 
The results in general corresponded with those given in Figure 3. 

Summary. The test animals (rats and mice) can get very well 
acclimatized to carbon monoxide in 0.5 % and smaller contents. 
It is uncertain whether acclimatization to 1 % content can 
develop. 


2. The Effect of an Intermission in Exposure 
on Acclimatization. 

In order to get an answer to the question whether an inter- 
mission in exposure has any effect upon acclimatization, we made 
the following experiments: 



FK 4 Tvif. ^ examination 

° " -oSelo" :n^sTE 

b~480W. Acta phys. Scandiuap. Vol. 15. 
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a. The test animal was exposed daily during 10 days to carbon 
monoxide (0.5 %). (The first series in Figure 4.) 

b. An intermission of 4 days followed. 

c. After this intermission the animal was again exposed for 3 
days. (The second series in Figure 4.) 

d. After this exposure an intermission of 8 days followed. 

e. After the second intermission the test animal was exposed 
again for 8 days. 

The results of these experiments are to be seen in Figures 4 
and 5. 

In the first series of experiments the tolerance of test animal 
rose (rat) during 10 days from 13 min. 45 sec. to 23 min. 30 sec. 
After an intermission of 4 days the tolerance interval diminished 
from 23 min. 30 sec. to 19 min. 10 sec. The test animal had conse- 
quently lost some of its tolerance acquired during the 4 days. 

When the exposure was continued, the animal reacquired its 
earlier tolerance interval (23 min. 15 sec.) in 3 days. After this 
an intermission of 11 days followed and the increased tolerance 
again diminished to 14 min. 35 sec., when the third series 
was started. During the longer intermission the animal had 
lost more of its tolerance than during the shorter one. By the 
ninth day of the 3rd series the animal had got back its earlier 
tolerance. 

A similar result was obtained with mice (Figure 5). 

In the first series of the experiment the tolerance interval of 
the test animal rose during 9 days from 15 min. to 48 min. After 
this an intermission of 8 days was kept. On the first day follow- 
ing the intermission (2nd series) the tolerance interval was 24 
min. (Thus it had diminished from 48 min. to 24 min.) After 7 
days’ exposure the tolerance interval rose to 70 min. Then an 
intermission of 4 days was kept, on the first day subsequent to 
which (3rd series) the tolerance time was 44 min. At the end 
of the third series tolerance interval had increased to 90 min. 

The same experiment was made with 7 rats and 7 mice. The 
results obtained corresponded in general to those described above. 
However, it could be observed, that the diminishing of tolerance 
during equally long intermissions varied individually. Thus it 
was observed for instance that in one case the tolerance diminished 
(0.5 % CO) during an intermission of 10 days from 17 min. to 
10 min. 30 sec., whereas the tolerance interval in another case in 
the same conditions diminished from 13 min. to 12 min. 
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c. After tlie intermission th.e exposure was continued on 11 
successive days. On the first and the last day the red corpuscles 
and hemoglobin were examined again. 

The results are presented in Table 1. 

Table 1. 

The red blood count of a rat during acclimatization in CO-contenis 

of 0.5 %. 


Day of Interval of -n j „ i rr i . • 

experiment tolerance corpuscles Hemoglobin 

1 10 min. 7.5 milj. 70 

2 9 » 

3 9 » 

4 9V. » 

5 IOV 2 » 

6 12 0 

7 12 0 

8 12 i) 

9 14 » 

10 17 .) 9.0 milj. 100 

Intermission of 10 clays. 

1 10 V2 min. 8.1 milj. 92 

2 13 » 

3 13 » 

4 12 V4 » 

5 12‘»/i2 0 

6 11 » 

7 11 V4 » 

8 13 » 

9 12 .) 

10 14=/i2 » 

11 15 » 


It can be noted that: 

a. In 10 days a rat acquires distinct polycythemia at the same 
time as tolerance of carbon monoxide grows. 

b. The polycythemia diminishes simultaneously with the 
diminishing of tolerance. 

The same experiment was performed on 8 rats, and the results 
corresponded with the foregoing. 

The experiments show, that in acclimatization there is a clear 
correlation between the rise of the tolerance and polycythemia. 

But there is also another factor in acclimatization which is 
revealed in Table 1. In the beginning of the experiments, the toler- 
ance interval was 10 min. Er. 7.5 mill, and Hb 70. After exposure 
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of 10 days the interval of tolerance was 17 min. Er. 9,0 mill, and 
Hb 100. But after the intermission Er. and Hb were still 8,4 mill, 
and 92, although the tolerance interval was only 10 min. 30 sec. 
If increased tolerance were dependent only on polycythemia, one 
could expect a longer interval of tolerance for in the beginning 
of the experiment, when Er. was 7.5 mill, and Hb 70, the time 
of tolerance already was 10 min. 

Similar observations have been made in 5 cases. 

This shows that in addition to 'polycythemia other factors also play 
a role in acclimatization, or that polycythemia is only a secondary 
phenomenon in connection with it. 

As we mentioned in the literature survey, Brieger demonstrated 
in experiments with dogs, that polycythemia, which appears du- 
ring carbon monoxide exposure, disappeared if the time of the 
exposure was long enough. 

We made an experiment, similar in principle, with three rats 
and observed the same results; After 77 days’ exposure the red 
corpuscles and hemoglobin counts after having increased, re- 
turned to their previous values. In this experiment, however, 
after 77 days exposure, there was no polycythemia, but the 
tolerance had clearly increased. 

This experiment too proves, that polycythemia is not the 
only factor in acclimatization. It may as well be a secondary 
phenomenon. 


4. COHb during the Acclimatization. 

In this series of experiments the rats were put for 11 min. into 
the CO-contents of 0.5 % on 47 successive days. The results are 
given in Table 2, 

Table 2. 


GOEh, the interval of tolerance, Er. and Hb in rats. (COHb-test 
was taken the day after tolerance interval was determined.) 


Day 

Duration of exposure 




and 

Er. 

Hb 

COHb 

1 

tolerance interval^ 

8.6 milj. 

no 


90 

28.7 

11 


9.3 » 

102 

28.5 

•24 



25 


00 

108 

34.0 

no 




47 


8.1 » 

98 

27.1 


* The tolerance interval ^as determined on the 10th, 24th and 46th day. 
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Similar experiments were made with 8 rats. The results were 
in general the same. 

In Table 2 we can see that, in spite of the fact that the tolerance 
was rising, the COHb remained about the same. 

When comparing Table 2 and the Figures 3, 4, 5 and Table 1, 
also the following observations can be made. 

If the exposure has been “ad maximum”, i. e. (Figure 3, 4, 5 
and Table 1) until unconsciousness occurs, the acclimatization 
takes place faster than if the exposure is of shorter duration 
(Table 2). 

General Toxic Symptoms during and after 
Acclimatization. 

During the experiments the general condition of the test ani- 
mals became worse. They were not so lively as the control animals 
and they were lying most of the time. If the test animals were 
pregnant, when exposed, the young they bore died within 2 
days. Of 7 parturitions with litters of 6 — 8 young, only two re- 
mained alive. An animal which was exposed during pregnancy 
bore 8 young. All died within 4 days. After this the animal was 
not exposed to carbon monoxide and after 1^2 months it bore a 
litter of 6 young, which all remained alive. 

In similar experiments Dr. Rabkallio and Ritama have also 
made histological examinations and observed clear changes in 
the brains of animals. 

We can say that this “acclimatization” has not occurred with- 
out injuries to the test animals. 

Summary. 

The authors have exposed rats and mice daily to carbon mon- 
oxide in contents of 0.25, 0.4, 0.5 and 1 %. Their observations 
are as follows: 

— The test animals became acclimatized to carbon monoxide 
in contents of 0.25 — 0.5 % and the tolerance against CO in 8 — -15 
days increased 2 — 4 times its former value. In 1 % CO only slight 
acclimatization was observed. 

— • An intermission of several days in exposure diminished the 
tolerance. The longer the intermission was the more tolerance 
(got by acclimatization) the animal lost. 
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In connection with, acclimatization polycythemia was ob- 
served which disappeared later. However, tolerance clearly in- 
creased without polycythemia. 

— No decrease of GOHb was observed in connection with 
acclimatization. 

— The general condition of test animals became worse during 
“acclimatization’ ’ . 
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When recording from the cat’s retina by the standard micro- 
electrode technique of this laboratory (see e. g. Summary by 
Granit, 194:7) one often observes that the isolated elements fall 
into two categories, (i) the typical large spike and (ii) another 
smaller spike which also appears to be thinner. For several 
reasons it was decided to expand the record of the spikes by using 
the horizontal sweep circuit of the cathode ray tube and running 
the film vertically past it so as to obtain a number of fast pictures 
of various types of elements. Most fibres isolated by the micro- 
electrode are spontaneously active so that a continuously moving 
sweep circuit will every now and then catch a spontaneous dis- 
charge travelling past the electrode; if not, a discharge can always 
be obtained by illumination. Fig. 1 illustrates how these events 
are reproduced by our technique of recording. The sweep move- 
ment appears as a horizontal pattern of lines occasionally inter- 
rupted by a spike. 

All the experiments were carried out on fully dark adapted dece- 
rebrated cats which, in order to eliminate eye and head movements, 
had received some 3 — 5 ml of a 20 % urethane solution. The nature 
of the element isolated, whether a pure on-, and on/off- or a pure 
off-element, was determined by illuminating the eye with light 
of wave-length 0.510 from our Wright colorimeter (Wright 
1946), The microelectrode was inserted in the usual fashion after 
removal of cornea and lens. 
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Results. 

Photographs were taken of 44 on/off-elements, 13 pure on-ele- 
ments and 1 pure off -elements. ^ r 

Since the aim of the investigation was to find out whether the 
two types of spike observed could be correlated with any of the 



Fig. 1. Micro-electrode. Cat’s retina. Fast sweep record of four separate spikes, 
a, b, c and e. Sweep speed shown in d by oscillation of 500 Hz. 

known physiological attributes of such spikes no attention was 
paid to correcting for the distortion caused by the polarisability 
of the platinum micro-electrode (which has condenser properties) 
as well as for. the use of the exceedingly small coupling condensers 
which are necessary in order to remove the large deflexions caused 
by the electroretinogram. However, the electrical recording system 
was calibrated through the animal with the micro-electrode on 
the retina. Thus the calibrations in fig. 2 include the sum total of 
distortions to which a square wave current will be subjected in 
our recording system. The latter consists of micro -electrode (a 
fine platinum tip insulated by glass) eye of animal, condenser 
coupled amplified and cathode ray tube. 
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Fig. 1 illustrates lour separate experiments and between the 
last two a calibration of sweep speed with a 600 Hz wave (the tops 
of which touch one another). The four impulses illustrated are much 
alike. The spikes vary in size from experiment to experiment 
between 0.100 to — occasionally — 0.300 mV. Smaller spikes 
than that cannot be used for analytical work because adjacent 
impulses interfere too much with the measurements. In order to 
/I a analyze the properties of a spike it is 

~ \r*^ necessary to be able to diminish ampli- 

y . fication until only one spike stands out 

• alone as in the records of fig. 1. This 

cannot be done with spikes below about 
. b 0.100 mV. 

In fig. 2 a calibration, a normal, and 
_ an atypical spike have been magnified 

and reproduced together for comparison. 
The spike begins with a fast, positive 
A c phase, then follows a slower negative 
y 1^ phase and a very small third positive 

— I phase. The atypical element appears as 

a brief negative phase between two small 

Fig. 2. Magnified records and still briefer positive deflexions. The 
obtained as in fig. 1. a, negative phase is of the order of 0.050 — • 

S^*ef c!^^alibratio?’*To 0-075 mV. IVhereas in the normal spike 
0.200 mV. 2 milli- -fche negative phase lasts about a milli- 

second, its duration is only about half a 
millisecond in the atypical spike. All the atypical spikes belonged 
to on/off elements. 

It is my impression that the spikes increase in size when the 
micro-electrode is shifted away from the blind spot and diminish 
when it is shifted towards it. 

The normal or typical spike has a negative phase which seems 
too expanded to be due wholly to nerve activity. Probably it 
contains an electrotonic component from the cell bodies, suggesting 
that the selection of a large spike for analysis consists in shifting 
the microelectrode in the direction towards the ganglion cell. 
The fast spike, atypical from the point of view of analytical 
usefulness, has the characteristic triphasic form of the action 
potential of a fibre lying in a conducting medium. 
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For some time now a great deal of analytical work has been car- 
ried out in this laboratory with elements isolated by the micro- 
electrode technique in the eye of the cat. By various methods the 
spikes have been shown to have different physiological properties, 
particularly with respect to tests 'with illumination and polariza- 
tion. The detailed inspection of the 64 spikes investigated by the 
)>fast sweep» recording technique leaves no doubt about the fact 
that the material collected here during the last years, has been 
extremely homogeneous from the point of view of general appear- 
ance of the spike. Not only is the atypical spike rare, but it is 
too small for analytical work. In the course of a lengthy experi- 
ment the spike mostly diminishes; if for no other reason, then 
because of the slow gradual change of position caused by the 
respiratory movements. It is therefore necessary, at the outset, 
to have a large spike. This condition imposes a principle of selec- 
tion on the material. For this reasons, too, it is satisfactory to be 
able to affirm with confidence that the selection according to 
analytical minimum size has had no influence on the appearance 
of the spike. The spikes used for analytical work must all have 
been practically alike and can merely have varied in amount of 
potential. Also, if an on-element consisted of a single, an on/off- 
element of a double fibre, then, in the latter case, the synchron- 
ization of the two fibres must be so perfect as to suggest some 
kind of histological connexion maintained up to the next station 
in the external geniculate body. 

It would not seem unreasonable to assume that on/off-elements 
are due to some kind of twin fibres. But this assumption, if true, 
cannot be maintained on the basis of a chance combination due to 
insufficient isolation by the micro-electrode. If there be “twin” 
fibres, the twin” system must be a physiological property or- 
ganized by the retina. Otherwise it is very difficult to understand 
why the on/off-spikes never show any sign of falling apart so as 
to form double spikes. This, of course, is no decisive argument 
against the idea of spikes being due to perfect synchronization. 


Summary. 

nh^ront^^+f^^^^ ^ micro-electrode ap- 

phed onto the cats retina shows that, as soon as the spikes are 
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large enough for ananlytical work, they are all alike though 
varying in size from 0.100 — 0.300 mV, The form of the spike is 
illustrated in fig. 1. It suggests that it consists of an optic nerve 
impulse combined with an electrotonic component from the cell 
bodies. 
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Differences between Autonomic and Somatic C 
fibres to Stimulation with Constant Currents. 
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It is vrell known that the unmyelinated nerve fibres — C fibres 
— have partly an afferent (Ranson and Billingsley, 1916, 
ZoTTERMAN 1933, 1936, 1939, Clark, Hughes and Gasser 1935 
and others) and partly an autonomic efferent function (Chase 
and Ranson 1914, Bishop and Heinbbcker 1930 and others). 
Most of the electro-physiological data concerning C fibres have been 
obtained from studies of the vegetative C fibres in msceral nerves 
(Bishop 1934, Grundfest and Gasser 1938, Bishop and O’Leary 
1939, and others) since in certain of these nerves observations arc 
not distorted by the presence of other fibre types, For the same 
reason, however, comparatively little is known of possible differ- 
ences between afferent and efferent C fibres. C, v. Euler (1947) 
has recently shown that there is a definite difference in the ther- 
mal sensitivity between these two categories of fibres. The afferent 
C fibres are sensitive to local heating a few degrees above body 
temperature while the efferent fibres do not discharge in response 
to this type of stimulation. In this work I have compared the 
discharge of afferent and efferent unmyelinated fibres to stimula- 
tion with long lasting constant currents. 


Method. 


towi ^3,ve been performed on decerebrated and decapi- 

tated cats, the latter being ventilated with the aid of a Starling pump. 
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Repetitive discharges from a nerve have been studied by recording 
the reaction of the respective effector organs. Impulses in the vagus 
nerve have also been recorded with the aid of a 4-stage amplifier and a 
cathode ray tube. 

In order to record the movements of the stomach, a rubber tube AVas 
introduced through a cervical oesophagotomy after ligation of the 
pylorus. The stomach Was Washed out with Ringer at body temperature. 
The tube was connected to a piston recorder. The stomach and about 
half the tube was filled with Ringer (Brown and McSwiney, 1932). 

Vasodilatation in the hind limb Avas recorded by means of a pletys- 
mograph. The upper part of the thigh Avas shaved and the pletysmo- 
graph sealed Avith vaseline. Changes in volume were registered by a 
piston recorder, the system being pulse sensitive. 

The stimulating device Was made up of a commutator, a 50,000 Q 
resistance in series with the preparation and a galvanometer for meas- 
uring the current strength. In a few cases a stimulator generating 
rectilinear and rectangular currents Was used. This instrument has 
been described by Skoglund (1942). The principle of the experiment 
depended somewhat on whether the nerve response or the response 
of the effector organ Avas used. In the former case the discharge to a 
rheobasic current could be determined and the effect of an increase 
on its strength directly observed. With the effector organ as index, 
however, the rheobasic strength could only be determined by repeating 
the square-wave stimulus of long duration (not less than 10 msec.). 
The effect of this Was then compared with the effect of increasing 
the strength of a long-lasting constant current. 

The stimulating electrodes Were of the silver-silverchloride (Ag- 
AgCI) type. The cathode was always placed nearest the recording 
electrode or the effector organ. 

Heating of the dorsal roots was performed Avith the thermal technique 
employed in this laboratory (see C. v. Euler 1947). 


Results. 

Efferent C fibres in the vagus nerve. According to Chase and 
Ranson (1914) and Heinbbcker and O’Leary (1933) and others, 
the vagus nerve in the lower part of the thorax consists almost 
entirely of immyelinated nerve fibres and of these only very few 
are afferent. 

If the vagus was severed in the neck and the peripheral stump 
stimulated with a single sufficiently strong square-wave shock 
(the threshold varied around 0.7 mA), a single C potential (conduc- 
tion velocity about 1 m/sec.) was obtained from the vagus imme- 
diately above the diaphragm. 

On the other hand it was impossible, when stimulating with a 
constant current of long duration, to elicit a repetitive impulse 
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yig. 1. Decerebrated cat. Re- 
cording of gastric tone, during 
stimulation of the peripheral 
end of the vagus nerve in the 
thoracic region* A. Square- wave 
shocks 0.8 mA, frequency 8/sec, 
Contraction of the stomach. B. 
Constant current 2.0 mA. ITo 
effect. 5 sec. intervals. 
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Fig. 2. Decerebrated cat. Kecording' of blood 
pressure, during stimulation of tbo central end 
of tbo popliteal nerve. Direct current with 
increasing strengths up to 0.8 mA. Pressure in 
mm Hg. 10 sec. intervals. 


discliarge, observable on tbe catbode ray tube, even if tbe current 
strength was increased to 4 mA or more than 5 times the rheobase. 

This lack of sensitivity to polarising currents in the unmyeli- 
nated efferent fibres of the vagus nerve could also be observed 
when recording the motility of the stomach. Stimulation of the 
vagus nerve in the chest region with sufficiently strong square- 
wave shocks (frequency about 8/sec.) provoked contraction of the 
stomach (Fig. lA). Since the duration of the shocks was long, 
the liminal current strength (0.5 — 0.6 ms.), necessary to obtain 
this effect, can be said to be the same as the rheobase for these 
fibres. With constant current no change in the motility of the 
stomach could be recorded, even when tbe current strength was 
increased to 2.0 mA, i. e. 3 or 4 times the rheobase (Fig. 1 B). 

Afferent C fibres originating in the dorsal root. Nociceptive 
reflexes are transmitted by thin myelinated fibres and by unmye- 
linated C fibres (see Gasser 1943). Stimulation of tbe peripheral 
stump of tbe severed popliteal nerve with galvanic current re- 
gularly produced nociceptive reflexes with marked increase in 

ood pressure. Even with a current strength of 0.2 mA a slight 
increase in blood pressure was evoked which increased with the 
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Fig. 3. Pecerebrated cat. PJetysmograpli on right hind limb, during stimulation 
of the peripheral stump of the severed dorsal roots L; and S,. A. Direct current 
increasing up to 0.7 mA. B. Square- wave shocks of 0.7 mA. 5 sec. intervals. 
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Fig. 4. Decerebrated cat. Pletysmograph on the right hind limb. The peripheral 
stumps of the severed dorsal roots L7 and Si placed in a thermode. H heated to 47“. 
C cooled to 37°. 5 sec. intervals. 


current strength and reached a maximum between 1.2 and 1.5 
mA cathodal stimulation (Fig. 2). This effect is, however, not a 
pure C fibre effect since also the d fibres have the same function. 

According to Hinsey and Gasser (1930) and Bishop, Hein- 
BECKER and O’Leary (1933) only C fibres conduct antidromic 
vasodilatation, released at the periphery by stimulation of the 
peripheral end of the cut posterior root (Stricker, 1876). 

Stimulation with a sufficiently strong constant current of the 
peripheral stump of the Lg, L; and Si dorsal roots, placed on the 
same electrode, elicited a marked vasodilatation (Fig. 3A). The 
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liminal current strength, was between 0.5 and 0.7 mA. With repe- 
titive stimulation (frequency 4 - 6 /sec.) using square-wave shocks, 
the threshold was around 0.4 — 0.6 mA, and thus the same or 
insignificantly lower than in stimulation with constant current 

(Fig. 3B). • o 1, 

Experiments have been performed with local heating of these 

roots using a thermode (Bernhard and Granit 1946, C. v. Euler 
1947, and Granit and Lundberg 1947). Local heating up to 47° 
elicited definite vasodilatation in the hind limb, which is in accord 
with Grutzner’s (1878) result showing that local heating of the 
peripheral stump of the severed sciatic nerve produced peripheral 
vasodilatation. 


Comments. 

The experiments with the unmyelinated efferent fibres in the 
lower part of the vagus nerve have shown that these fibres do not 
respond with a repetitive impulse discharge when stimulated 
with constant currents (cathodal polarisation) even when the 
current strength is increased up to 4 times the liminal strength 
used in repeated stimulation with square-wave shocks of long 
duration (rheobase). According to C, v. Euler (1947) neither 
are these fibres sensitive to thermal stimulation despite the fact 
that local heating produces a local heat potential (relative to a 
region at normal temperature). 

The nociceptive blood pressure reflex which could be recorded 
from the central stump of the popliteal nerve, stimulated with a 
constant current, is probably partly transmitted by thin myeli- 
nated fibres. The relatively low threshold, 0.2 mA, would seem 
to indicate this. Since, however, the number of such fibres is rela- 
tively small in comparison to the number of C fibres (in the ratio 
of about 1/10, see C. v. Euler 1947) and since the effect is so 
marked, there is good reason to assume that the afferent C-fibres 
also are involved. This has been definitely confirmed in the ex- 
periments with stimulation of the dorsal roots. Stimulation with 
constant current of the peripheral ends of the severed dorsal roots 
produced a marked vasodilatation. According to Hinsey and 
asser (1930) and others this antidromic stimulus effect is trans- 
mitted by the C iibres. The threshold necessary to obtain this 
effect was the same or insignificantly higher when stimulating 
wi constant current as compared with frequent square-wave 
7 ’i80hhh. Ada phys.Scandinav. Vol.lo. 
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shocks of long duration (rheobase). These experiments show that 
the afferent unmyelinated C fibres originating in the dorsal root 
are far more sensitive to constant currents than the efferent C 
fibres in the lower part of the vagus nerve. Yet the rheobase for 
the latter fibres appeared to be only insignificantly higher than 
for the former. These results can also be expressed so that the 
accommodation of the afferent C fibres »is broken down» (Bern- 
hard, Granit and Skoglund 1942) very rapidly when the strength 
of the polarising current exceeds the value for the rheobase, while 
that of the efferent C fibres in the lower part of the vagus nerve 
could not be broken down by polarising currents of more than 4 
times the strength of the rheobase (cf. Katz 1936). It is probable 
then that the observed differences insensitivity to polarising cur- 
rents between the afferent and efferent unmyelinated fibres and 
possibly also their differences with regard to thermal irritability, 
can be referred to accommodation. A similar difference in accom- 
modation has previously been shown to exist between thick mye- 
linated afferents and efferents, on frogs by Erlanger and Blair 
(1938), on cat by Skoglund (1942) and on man by Kugelbeeg 
(1944). 

Summary. 

Afferent and efferent unmyelinated fibres have been compared 
with respect to their tendency to react with repetitive impulse 
discharges to stimulation with constant currents. 

Stimulation with constant currents of the efferent C fibres in 
the lower part of the vagus nerve of the cat does not initiate a 
repetitive discharge with strengths up to more than 4 times the 
rheobase. 

On the other hand 0 fibres of dorsal root origin are extremely 
sensitive to stimulation with constant currents of just supra- 
rheobasic strength. 

Peripheral vasodilatation can be elicited by local heating of 
the peripheral stump of the dorsal roots. 

The difference between the afferent and efferent C fibres with 
respect to stimulation by constant currents agrees with their dif- 
ferential thermal sensitivity. 

The author is indepted to the Rockefeller Foundation and 
to the foundation “Therese och Johan Anderssons Minne” for 
support of this work. 
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In the production of amino acid preparations intended for intra- 
venous injection, one is faced with the question of a suitable pH. 
Owing to the different methods adopted for the production of 
amino acid preparations of the caseinhydrolyzate type, the pH- 
values in the different preparations vary considerably. As the 
amino acids have a marked buffer capacity, a change of the pH- 
value signifies that large amounvs of acid or base are bound. This 
involves the risk that an amino acid solution with an unsuitable 
pH- value may entail considerable changes in the CO 2 combining 
power after intravenous injection. 

Hopps and Campbell (1943) showed that if an amino acid 
solution (enzymatic casein-hydrolyzate) with a pH- value of 4.(5 
is mixed in vitro with plasma in amounts corresponding to an 
intravenous infusion of 1,500 ml of a 10 % solution in man, a fall 
of the COo combining power from 60.9 to 6.9 volume per cent 
will result. In two cases, however, after infusion of 1,600 ml of the 
same 10 % amino acid solution for 8 hours, the CO 2 combining 
power was found to have merely fallen from 69.2 and 68.7 to 
50.5 and 52.6 volume per cent., respectively, which they presume 
to be due solely to dilution of the blood volume. These experiments 
indicate that even a rather acid solution of amino acids in some 
way or other is rapidly neutralized by the body. 

In an investigation by Learner, Robinson, Greisheimer and 
Oppenheimer (1945) on the effect of an enzymatic casein digest 
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(amigen) on the intestinal motility, although the solutions had a 
pH-value of 5.0, no fall of the CO, combining power was observed. 
The amount injected was 6.5 ml of a 10 % solution per leg of the 
body-weight, and the rate of injection was 6-— 16 ml per minute. 

In order thoroughly to study the changes in the CO, combining 
power after injection of a dialyzed enzymatic casein digest, the 
investigation reported below was made. In this study, the chanps 
in the CO, combining power were placed in relation to the acidity 
of the solutions. No direct linear relation between the pH-value 
of the solutions and the changes in the CO, combining power of 
the blood is to be expected: the change is directly proportional 
to the amount of acid or base required in order to shift the pH- 
value in the amino acid mixture. As shown in the electrometric 
titration of the amino acids, the buffer capacity at the different 
pH-values is subject to great variations. For this reason, the 
change in the CO, combining power cannot be computed directly 
from the pH-value of the solutions without knowing the titration 
curve of the substance. 

In the enzymatic hydrolysis (trypsin-erepsin) of casein, it is 
necessary, in order to maintain an optimal pH-value, to add 
allcali. For this purpose, sodium hydroxide is employed. As the 
amino acids in the casein-hydrolyzate are synthetized to protein 
in the organism, one may expect to obtain an excess of alkali, 
which, in turn, will entail an increase of the CO, combining power. 
In order to determine the excess of alkaline metals in the casein- 
hydrolyzate here tested, the amino acids were burnt, whereupon 
the ash was titrated. 


Experimental. 


Preparaiio7i. In these investigations, a dialyzed casein liydroly; 

iTrl’L described by Wketlind (1947), was 

ployed The concentration of the preparation was 25 %, which corres- 
ponds to 32.7 mg nitrogen per ml. The pH- value of the solution 


cm- 


ponds 

6.87. 


was 


1. Electrometric Titration of Aminosol. 

WK emnWd S' '''‘“'"“•‘i™ ^ He pH-value, a glass sleotioac' 

l>H TIiftitraHan of the determinations was within O.oos 

im Ihe titiation was made on 5 ml of 25 % Aminosol with i.oo N HCl 

•• The glSlSeSi'’’' “‘“hhoto. 

Copenhagen. potentiometer wore of the type PHM 3, Radiometer. 


7f ~480m. Acta phys. Scandina 


V. Vol. 15. 
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and 1.00 N NaOH. After each, adition of O.i ml acid or base, respec- 
tively, the pH-value was determined. In these tests the temperature 
was 23° C. 

The result of the titration is seen from the curve in Fig. 1. 
The curve clearly shows that the minimum buffer capacity lies at 
about pH 6.5. An addition of 1 ml N HCl in this case will shift 
the pH- value by 2.1, whilst an adition of 1 ml 1 N HCI at a 
pH- value of 4.5 will shift the value by 0.75. 

The curve also indicates that 1 g Aminosol (dry) with a pH- 
value of 6.87 binds 2.64 ml of 1 N HCl before pH 3 is reached. 

2.. Intravenous Injection of Aminosol with. Different pH-Values. 

Method. Babbits (weighing 1.6 — 3.1 kg) were employed. The 
amount injected was 5 ml of 2.5 % Aminosol per kg of body- 
weight. In order to obtain solutions of different pH-value, the 
original solution was mixed lyith 1 N HCl and 1 N NaOH, res- 
pectively. 
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Table I. 


5 min. after , 
injection 

1 

Mean value 

Regression 

coefficient 

Correlation 

coefficient 

Regression 

line 

equation 

Mean 

squares 

within 

rabbits 

X = 1.16 
y=-3.34±2.i:i 

-6.14±0.77 

-0.878±0.O50 

y=3.78-6.l4x 

37.08 

(o-=±6.09) 

i 

30 min, after 
injection 

x=l.lG 

y=2.28±2.0i 

-4.85±1.03 

-0.735±0.10 

y=7.9l-4.85x 


The result of the statistical analysis is seen in Table I, where it is 
clearly shown that there is a significant correlation. The com- 
puted regression lines are inserted in Kgs. 2 and 3. 



Fig. 2. Change in the GO. combining poiver 5 minutes after injection of dialyzed 
casein digest. The ordinate indicates the percentage change in the CO. combining 
power, the abscissa shows the amount of 1.00 N NaOH (to the left of the origo) 
and of 1.00 N HCl (to the right of the origo) added to 5 ml 25 % Aminosol solu- 
tion. The inserted line is the computed regression line. 


As regards the 5 minutes value, it is found that an addition of 
0.62 ml 1 N HCl has no effect on the CO 2 combining power. The 
corresponding value for 30 minutes is 1.63 ml 1.00 N HCl. This 
signifies that within 5 minutes after the injection an Aminosol 
solution with a pH- value of 6. 1 has no effect on the CO, combining 
power. Within 30 minutes a solution with a pH- value of 4.0 is 
completely neutralized by the organism. 
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3. Alkali Content in tke Ask from Aminosol. 

Method. The nitrogen content in the vacuum dried Aminosol 
was determined according to the method of Kjeldahl (Peters 
and VAN Slykb 1932). The incineration of the Aminosol was made 
in a platinum crucible in an electric furnace (ca. 550“ C). When the 
ash was quite white, it was weighed, whereupon it was dissolved 
in distilled water and mixed with a certain surplus of 0.100 N HCl 
The solution was boiled and titrated with 0.100 N NaOH. As an 
indicator, phenol red was used. From the values thus obtained, 
the amount of 0.100 N HCl required to neutralize the ash from 1 g 
Aminosol was then computed. The results of these tests are 
given in Table II. This investigation thus shows the amount of 
fixed alkali in the Aminosol. 


Table IL 


Nitrogen % 

13.1 j 

, Ash % 

6.3 1 

1 


ml O.lOO H HCl required for neutralization of ash 
from 1 g Aminosol 

3.88 



From these values it can be estimated that the amount of 
1.00 15 H.CI required for neutralization of the ash from 5 ml 25 % 
Aminosol is 0.49 ml. 
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Discussion. 

By this investigation it is clearly shown that a change of the 
pH-value in the intravenously injected casein hydrolyzates here 
employed affects the carbon dioxide combining power. This action 
is indeed dependent on the pH-value of the solutions, but, in 
consequence of the varying degree of buffer at different pH-values, 
the change in the COo combining power is directly proportional 
to the amount of acid or base required in order to shift the pH- 
value of the solution from neutral. Theoretically, one might he 
tempted to suppose that a casein hydrolyzate with a pH-value 
of 7.4 — 7.3 would cause the least change in the COo combining 
power. The observations made in this investigation show, however, 
that a neutral amino acid solution tends to raise the CO. com- 
bining power. This corresponds also with the observations made 
by Lidstrom in connection with intravenous injection of Aminosol 
in human subjects. It was in fact found that, if the injected solu- 
tion had a pH- value of ca. 7.3, the result in several cases was a 
slight alkalosis, which was scarcely explicable otherwise than as 
due to the administration of Aminosol. 

The reason why a neutral solution of casein hydrolyzate entails 
a rise in the COo combining power may be that the amino acids 
are rapidly absorbed in the organism and are partly synthetized 
to protein. That the amino acids on intravenous injection are 
rapidly eliminated from the blood stream an stored intracellularly 
in the tissues is well known (van Slyke and Meyer, 1913). In 
view of this binding of the amino acids, it may be presumed that 
a certain amount of alkali is liberated, thus entailing a rise of the 
COo combining power. By the above-reported ash analysis it has 
been shown that the amount of fixed alkali that can be liberated 
corresponds to 0.49 ml of 1.00 N HCl, which is nearly equivalent 
to the amount of acid (0.61 ml) that can be added to the casein 
digest without the changes in the COo combining power becoming 
negative in the 5 minutes’ test. 

That this partly explains the changes in the CO 2 combining 
power is probable. It is, however, impossible to explain in this 
way, the whole tendency to alkalosis in the amino acid solutions, 
as manifested in the 30 minutes values. The explanation of 
this is probably to be sought in the metabolism of the amino 
acids. 



107 


CHANGES IN THE CARBON DIOXIDE COMBINING POWER. 

The investigation shows that an amino acid mixture (enzymatic 
casein digest) for intravenous use should have a weakly acid 
reaction. The most suitable pH-value may be considered to lie 

between 5.1 and 4.0. ^ , 

A very considerable advantage of causing the amino acid solu- 
tions to have an acid reaction is that the growth of bacteria is 
partly prevented. In the case of a neutral reaction, on the other 
hand, the amino acid solutions are an excellent culture-medium 
for bacteria. 

No drawbacks seem to result from the use of amino acid solu- 
tions with an acid reaction for subcutaneous injection. Thus, 
about 100 subcutaneous injections were administered to infants 
(weighing 2 — 4 kg) vnth an Aminosol solution of pH 5.3 — 5.1. 
The dosage was 30 ml of a 3.3 % solution per kg of the body- 
weight. No reactions in the form of pain or skin changes occurred. 


Summary. 

The changes of the carbon dioxide combining power in rabbits 
after injection of a dialyzed enzymatic casein hydrolyzate (Amino- 
sol) were studied, and the following results were obtained. 

Injection of a neutral solution of casein digest causes a slight 
alkalosis. 

At a pH-value of 5.1 no change in the COo combining power 
can be observed in blood samples taken 5 minutes after the in- 
jection. 

An amino acid solution with a pH-value of 4 causes a fall of the 
CO 2 combining power 5 minutes after the injection. Thirty minutes 
after the injection this fall is completely neutralized. 

The pH-value of casein digest for intravenous use should lie 
between pH 5.1 and 4.0. 

The above-stated pH-values are applicable only to casein digest 
with a buffer curve of the type here described. The degree of 

buffer action in this case is comparatively small between pH 8 
and 4. ^ 

These results indicate that products formed in the metabolism 
0 intravenously injected casein digest tend to induce a slight 
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It was the purpose of the present experiments to study the effect 
of alcohol and of caffeine-, cocaine, strychnine and nitroglycerin 
on the ability to perform maximal muscular work in healthy, 
not exhausted athletes. The substances mentioned have well 
defined pharmacological effects on the resting organism because 
of which they have been used commonly as “doping” in different 
kinds of professional competitive sports. As much of the effect 
of “doping” may be due to the psychological rather than to the 
physiological effects of the substances and as laboratory experi- 
ments are very scanty or completely lacking (for references up to 
1939 see Boje 1939) it was assumed to be useful to study under 
controlled conditions the effect of the above five commonly used 
drugs on the muscle power of normal young athletes. 

Methods and Procedure. 

The work Was performed on a stationary, braked bicycle ergometer. 
Two grades of work Were investigated, one consisting in turning the 
pedals of the bicycle 35 revolutions, making a total amount of work 
of 956 mkg, and one in 450 revolutions, making a total work of 9,860 
mkg (comp. Asmtjssen and Boje 1945). The first kind of work could 
be performed in 12 to 15 sec. and simulates a 100 m dash in its effect 
whereas the latter, lasting about 5 min, simulates a 

1,500 m run. 

The ethyl alcohol was given as a solution of from 25 to 75 g of pure 
a CO 0 in water 30 to 45 minutes previous to the work. Immediately 

8— 43M44. Aciaphys.Scandinav. Vol. 15 . 
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Table !• 


Performance Time for S5 Revolutions (956 mkg). 


Subjects 

Alcohol concentration in blood | 

0 

0.1 — 0.3 o/oo 

o.;{— o.G % 

O.C-l.o % 

A 

13. e sec 
13.4 — 

13.4 see 

13.8 sec 
13.8 — 
ll.y -- 
13.0 — 

13.9 sec 
I3.S — • 
12.2 — 
13.1 — 

E .; 

H 

11.8 — 

12.0 

13.2 

L 1 

13.2 — ! 

5 

i mean 

13.0 — 

(12.8)- 

1 

i iQ o 

1 Q 

1 

JL * J . o 

lo»u 


Table 2. 


Performance Time for 450 Revolutions (9^860 mhg). 


Subjects 

Alcohol concentration in blood 

0 

0.1 — 0.3 °/oo 

0.3-0.G 0 /^ 

o.G— 1.0 % 

A 

5.05 min 

5.05 min 

5,08 min 

5.49 min 

E ! 

4.85 — 

— 

— 

4.95 — 

H 1 

4.78 — 

4.78 — 

4.78 — 

. 4.88 — 

L 1 

4.84 — 

4.80 — 

— 

4.84 — 

mean 

4.89 — 

(4.88) — 

(4.97) — 

5.04 — 


before start a blood sample was collected from a stab in the finger, 
and the blood alcohol promille was afterwards determined by the 
method of Widmark (1933), 

In the experiments with caffeine, cocaine and strychnine the subjects 
received ^pills on alternating days containing one of the mentioned 
pharmaca, or placebos of similar appearance. The subjects were told 
to swallow the pills whole and so Were unable to judge what hind of 
pills they had received. After the first few experiments the doses 
were fixed at 30 eg of caffeine, 8 mg of strychnine or 12 eg of cocaine. 
The drugs Were ingested at such times before the work that the maximal 
effect should be present during work, viz.^ the caffeine about 30 min., 
the strychnine about 1 hour and the cocaine about 15 minutes before 
the start. The placebos were given at corresponding times. 

The nitroglycerin Was the only drug that had a subjectively noticeable 
effect on the subjects. They experienced a feeling of Warmth and 
developed a sudden headache 3 to 5 minutes after swallowing 1 mg of 
nitroglycerin. Any attempt to deceive the subjects in these experiments 
was, therefore, useless, and in the nitroglycerin tests, which Were made 
last in the series of experiments, no placebos were given in the controls. 

As subjects served healthy male students of physical education. The 
experiments Were carried out with daily trials, alternating between 
the short and long work to avoid chronic fatigue and With the controls 
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Table 3. 

Performance Time for 35 Revolutions (956 mkg). 


Subject 


Cocaine 

Strychnine 



30 eg 

0 

12 eg 

0 

8 mg 

0 

1 mg 

- — . 

K 

15.4 sec 

16.4 — 

13.5 — 

15.2 sec 
16.4 — 

13.2 — 

15.2 sec 
16.C — 
13.4 — 

15.5 sec 
16.1 — 
13.2 — 

15.4 sec 

16.4 — 

13.5 — 

15.5 sec 
16.2 — 
13.4 — 

14.7 sec 
16.1 — 

12.8 — 

15,1 sec 
16.0 — 
12.8 — 

L 

R 

mean .. .j 15.1 

14.9 — 

'l5.1 — 

1 

14.9 — 

15.1 — 

15.0 — 

14.5 — 

14.fi — 


Table 4. 

Performance Time for 450 Revolutions (9,860 mhg). 


Subject 

Caffeine 

Cocaine 

Strychnine 

Nitroglycerin 

0 1 30 eg 

0 

12 eg 

0 

8 mg 

0 

1 mg 

K 








L 

S 

mean . . . 

5.1G — 

5.06 — 

5.16 — 

5.13 — 

6.14 — 

5.13 — 

|5.00 — 

4.99 — 


regularly interspersed. The alcohol experiments lasted from February 
1946 to July 1946, the experiments with the other drugs from October 
1946 to May 1947. 


Results. 

The results from the alcohol experiments on 4 subjects are 
presented in table 1 and 2. The whole material has been divided 
in classes of increasing alcohol content in the blood and averaged 
for each subject as listed in the tables. A mean value for all the 
subjects has been calculated and is listed at the bottom of each 
table. The number of single determination in each class varies 
from class to class and from subject to subject so that in the mean 
values at the bottom of the tables from 5 to 50 single determina- 
tions are averaged. In the cases where a class is completely missing 
in one or two subjects, the mean value is placed in brackets. 

The tables show, that low blood alcobol promilles have no 
e ect on the performance time and that the higher concentrations 
the long'^ "^k^ ^ slightly deteriorating effect, especially in 
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The results from the experiments on 3 subjects with the four 
drugs investigated are tabulated in tables 3 and 4. The individual 
results are averages of at least five experiments, with the exception 
of the nitroglycerin experiments of which only three tests were 
made on each subject with the two grades of work, owing to the 
unpleasant effects of the drug. The individual values as well as 
the mean values listed at the bottom of the tables, show that none 
of the four substances investigated had any clear cut effect on 
the capacity for this kind of work. Caffeine alone seems to im- 
prove the performance time slightly in the long work. 

Discussion. 

The negative results of the experiments described above show 
that the maximal performance of rested, healthy subjects cannot 
be improved artificially by alcohol or drugs. 

It was rather surprising that the well known effects of such 
drugs as cocaine and caffeine were not noticed by our subjects 
even though the doses were large. Their failure in noticeably in- 
creasing the muscular performances of the subjects are in contrast 
to the' finding of Mosso (1891) and of Graaf (1939) and to the 
numerous reports from South America on the effect of chewing 
coca leaves during exhausting work. The explanation is probably 
the same, viz. that our subjects were normal and not exhausted. 
The limit to which will power can force a normal man cannot 
artificially be pushed further, even by these strong drugs. In long 
lasting efforts where considerable fatigue sets in it is well possible 
that cocaine or caffeine (as reported by Mosso, Graaf a. o.) 
may stimulate the organism to -overcome the inhibitory effects of 
fatigue. The slight effect of caffeine in our long work points in the 
same direction. 

Strychnine was tested because of its well known effects on the 
synaptic delay, but as seen from the tables had no effect in this 
Irind of work. The same holds true of nitroglycerin, a drug not 
unfrequently used by professional marathon bicyclists because 
of its effect on the coronary vessels. But besides its unpleasantness 
for the subjects it had just as little effect on the muscular perfor- 
mances as the other drugs. 

It seems justifiable, therefore, to conclude from the present 
experiments that alcohol in small doses (blood alcohol up to 0.6 
«/oo) has no effect, and alcohol in larger doses only a diminishing 
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effect on the ability to perform maximal muscular work. Caffeine, 
cocaine, strychnine and nitroglycerin have no effects on the ability 
to do maximal work in normal non-fatigued subjects with the 
possible exception of caffeine. The use of these drugs as "doping” 
in sports and games consequently should be abandoned. 


Summary. 

Alcohol, caffeine, cocaine, strychnine and nitroglycerin a. o. 
are used as "doping” in competitive sports. In the present paper 
the effect of these substances has been tried in controlled work 
experiments on normal, non-fatigued athletes. It was found that 
none of them could increase the ability to perform maximal 
muscular work, lasting about 15. sec or about 5 minutes, with the 
possible exemption of caffeine in the longer work. 

The expenses of' this work have been covered by grants from 
the Frh. P. A. Brandts Legal foundation which is gratefully 
acknowledged. 
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Fitz and van Slyke (1917) have voiced the opinion that there 
is a relation between the bicarbonate content of the blood and the 
formation of ammonia in the kidneys during acidosis, such that 
the production of ammonia is larger the smaller the concentration 
of bicarbonate in scrum. Folling (1927), however, maintains 
that no such constant relation exists; he finds that the formation 
of ammonia during an acidosis induced by ammonium chloride 
reaches- its maximum after 3 — 4 days, at a time when the acidosis 
is already decreasing. There is a considerably increased excretion 
of ammonia even after the reaction in the organism has become 
normal again. The results of Folling are in agreement with some 
previous work of Gamble, Blackfan and Hamilton (1925) 
who likewise maintain that the formation of ammonia does not 
reach its maximum until after the lapse of several days. 

The experiments of the authors mentioned above have been 
carried out by producing an acidosis which reaches its maximum 
and then decreases again rather rapidly. Their experiments there- 
fore do not give reliable information about the question whether 
a larger production of ammonia might not have been obtained 
by maintaining the acidosis at a certain definite level over a 
longer period of time. 

The purpose of the present work has been to investigate whether 
the production of ammonia reaches a definite maximum during 
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If larger quantities of ammonia are present in tlie solution to be 
analysed vre get complete adsorption up to a certain limit, which is at 
approximately 0.3 millimoles ^vhen 2 g of permutite are used. Beyond 
this limit a very great decrease in the fraction of ammonia adsorbed 
by the permutite Was observed. 

When the analysis is carried out on urine, one source of error is that 
other nitrogen containing substances than ammonia can be adsorbed 
by the permutite and given off as ammonia in the Kjeldahl deter- 
mination. Urea and mono-amino acids are not adsorbed, but di-amino 
acids are adsorbed. In order to estimate the order of magnitude of 
the error originating in this way, we analysed the urine from a subject 
during alkalosis. We found results corresponding to ca. 0. i millimoles of 
ammonia in the 1 hour urine. Since the excretion of ammonia during 
these experiments was between 3 and 10 millimoles per hour, the 
maximum error caused by these substances is relatively small. Finally, 
one may well imagine that also during alkalosis small amounts of am- 
monia are present in the urine so that the actual error is still smaller. 

I am much indebted to Dr. JcroRn Mcller for having synthesised 
the permutite and thus having enabled me to carry out these experi- 
ments. 

The determinations of pH in urine were carried out by means of a 
glass electrode. The temperature during these measurements was in 
one experimental period ca. 20° C and in the other 38° C. 

The titratable acidity in urine Was determined by titration with 
0.02 n NaOH from the pH of the urine to pH = 7.2 which corres- 
ponds to the pH in serum at the degree of acidosis in question. Before 
the titration the carbon dioxide was ventilated from the urine after 
addition of HCl, and a glass electrode Was used for the control of pH. 

The total carbon dioxide in serum was determined according to van 
Slykb and Neill (1932). 


Experimental Procedure. 

Acidosis was induced by means of ammonium chloride except for 
a single experiment on a dog in which HCI Was used. It turned out tc 
be necessary to give ca. 0.8 millimoles of ammonium chloride per kg 
body weight in order to get a decrease of 1 milliequivalent (m.e.) 
per liter in the total serum carbon dioxide. To maintain this degree of 
acidosis it was necessary to give every 24 hour an amount of ammonium 
chloride somewhat higher than that corresponding to the formation of 
ammonia in the kidneys. 

To induce the acidosis we used a 10 % Ammonium chloride solution 
flavoured with 30 % sugar, and for its maintenance we used ammonium 
chloride tabloids a 40 eg. 

For determination of the degree of acidosis various methods were 
considered. It turned out to be extremely difficult to determine pH 
directly in the blood by means of a glass electrode with an accuracy 
larger than 0.05 pH units, since the asymmetric potential of the elec- 
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trode, had othenvi.se been constant for diiy.s, .showed variations 

of this order of magnitude on contact with the lilood. However, it was 
considered unnecessary to obtain an alisoluto meas\»re of the degree 
of acidosis. Wc u'ere content to liave a relative measure, ca))able of 
shoAving the variations in the degree of acidosis and we therefore chose 
to determine the total carbon dioxide in serum of venous blood. This 
quantity was fairly constant in samjdes drawn at .short intervals 
(see Table 1.). 


Table 1. 

Determination of total carbon dioxide in }^erum of blood from v. aihiti 
in male ,<ubjec^ 1 \ II. 


1 

Datr 

Timt^ of 
(!fiy 

i Toi/il CO, in 
t M'nun in 
! iniHiinolr*? 
i pt r 

"/. 

JG.OO 

1 18.’J 

1 

ii; .'in 

IS.T 

j 

17.00 

t iH.s 

f 

”/. 1 

18.00 



IG.-OO 

15,0 


10.00 

1 la.O 


Since vre were primarily interested in obtaining a relative ineasiire 
of the degree of acidosis we did not see any advatitage in determining 
total carbon dio.vide in venous blood which had been “arterialir.ed” 
by immerging the arm in hot water. By this procedure v,aria(ions in 
the content of carbon dioxide might casiiv ari.se in cons'HjUenee of a 
changing respiration, and wc would further lose ihe advantage of the 
fact that the tissues in the arm act as buffer.*^ for rapid variatifum in 
the content of carbon dioxide. 


Moreover it appeared that by calculating the hydr<'gen ion concen- 
tration on the basis of the determination of the carbon dioxide tensitm 
in alveolar air and the content of bicarlionato in serum from bh.od 
artcmlized in the way just mentioned, we. obtained values which 
during acidosis were more than O.i jiH units higher than lht).«e obtained 
by a direct measurement of pH by means of tlie glas.s elect rode in the 
same sample of blood. During alknlosk the. rc.stdfs of both methods 

S Sat\be''Kr'?T'' ““Other. The reason for this is prob- 

fact mav olrf T i ° completely arterialir.ed, and this 

concentration calculation of the hvdrogon ion 

The h^ bicarbonate is small.’ 

as a ruirdotol^^^ of ammonia rvero 

the purpose of nresorvnf; ’ “7 toluene had been added for 

P P .ser\ation. Any precipitate, if present, was uniformly 
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distributed in the liquid by thorough shaking before samples for the 
ammonia determination were drawn. Before the determination of pH 
the precipitate was dissolved by a slight heating of the sample. 

Since in all cases pH has been less than 5.5 it was found unnecessary 
to store the samples under paraffin oil. ^ 


Experimental Results. 

Table 2 gives the results of an experiment in which a weak 
acidosis has been induced and maintained. The content of bicar- 
bonate in serum was between 17 and 20 m.e. per liter. The for- 
mation of ammonia slowly increased until the fourth day of the ex- 
periment, and then remained very constant. The pH in the urine 

Table 2. 


Acidosis induced by yneans of ammonium chloride in male subject J, Y. H. 
Weight 53 kg, urea clearance 71 ml per minute. 


Period of collecting 
urine 

NHp in 
urine 
(in mil- 
limoles 
per 24 
hours) 

pH in 
urine 
at 38° 

Diuresis 
(in ml 
per 24 
hours) 

Date 


Ingestion 
of NH 5 CI 
(in milli- 
moles 
per 24 
hours) 

“A 

12.00— 'Vi 8.00.. 

103 

4.81 

2250 

”A 


350 

“A 

8.00— =Vi 

141 

5.03 

1720 

“fi 

19.3 

250 

”A 

-“Vi 

168 

5.09 

1130 

=7i 

18.0 

200 

”A 

— 

203 

5.19 

1360 

”A 

20.4 

350 

28 A 

— 

2l5 

5.28 

1450 

'7i 

18.7 

300 

28 A 

—’“A 

213 

5.24 

1390 

”A 

17.8 

280 

="A 

-“Vi 

231 

5.23 

1470 

! ’7i 

19.1 

280 

^/i 

-V 2 

235 

5.19 

1740 

“A 

18.3 

280 

V* 

-V 2 

209 

5.39 

1240 

72 


280 

^2 

— 72 

233 

5.23 

1390 

72 

19.9 

350 

% 

— 72 

222 

5.27 

1260 

% 


300 

% 

—72 

205 

5.38 

1040 

72 

17.5 

280 


— 72 

209 

5.40 

1150 

72 


280 

‘/s 

— 7= 

216 

5.37 

1290 

72 

18.1 

280 

V 2 

— 72 

225 

5.29 

1370 

7= 


280 

V2 

— 72 

222 

5.33 

1110 

72 1 

19.7 

280 


On Vz (between 8.00 and 12.00) 35 g of sodium bicarbonate Were ingested. 
Total carbon dioxide in serum was at 15.00: 32.5 millimoles per liter. 


Period of collecting 
urine 

Diuresis in ml 
per hour 

NH 3 in milli- 
moles per 
hour 

pH 

15.00—16.00 

40 

6.75 

5.41 

16.00—17.00 

37.5 

5.60 

5.49 
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Tal)le 8. 

Acidosis induced by means of ammonium chloride in the same subject 

as in Table 2. 


Period of collecting 
urine 



Diuresis 
(in ml 
per 24 
hours) 



Inges- 

Totnl CO, tion of 
in scrum NH|CI 
(milli- (in milli- 
moles per moles 
liter) per 24 
hours) 


Vio 

15.00— >Vio 8.00 

126 

4.73 

55 

2020 

’Vio 

14.9 

590 

Vio 

8.00— ‘Vio 8.00 

147 

4.93 

48 

1440 

’Vio 

14.0 

200 

7io 

-•Vio 

183 

5.06 

46 

1120 

’Vio 

16.3 

300 

Vio 

— ’Vio 

217 

5.27 

41 

1190 

ISf 

/20 

14.0 

300 

Yio 

-=VlO 

i 226 

5.21 

38 

1250 

’Vio 

14.5 

300 

Vio 

~VlO 

210 

5.31 

37 

1070 

=Vio 

15.8 

300 

7io 

'Vio 

230 

5.25 

42 

1310 

/lO 

14.9 

300 


was lowest on tlie first day and tlien increased with increasing 
formation of ammonia. 

Similar results were obtained in an analogous experiment on 
another subject. 

After termination of the experiment the subject was given 
35 g of sodium bicarbonate. The serum bicarbonate then increased 
to 32.5 m.e. per liter, which is a rather high value. In spite of 
this the pH of urine was still small and the formation of ammonia 
high, even higher than during the initial stage of the acidosis. 

Table 3 shows the results of an experiment on the same subject, 
during which a more pronounced acidosis has been induced. In 
order not to endanger the health of the subject the duration of the 
experiment was restricted to 7 days. The content of bicarbonate 
m serum was between U and 16.3 millimoles per liter. Also in 
tbe present case the excretion of ammonia reached its maximum 
on the fourth day, and during the following days it remained 
airly constant at about the same level as in the experiment 
escribed m lable 2. The variations in pH were likewise in good 
agreement with those in Table 2. ^ 

The daily excretion of acid, determined by titration to pH 

mentTd dM the first days of tlie experi- 

mrat and d,d not mciease dniing the acidosis. 

the totu? ^ amount of HHt given pr. os exceeds 

tne total amount of NH+ 4 -u 4 . ^ ^ exceeas 

urine. This was not to n ^ ^itratable acid excreted with the 

to be expected, since normally a surplus of 
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Table 4. 


Formation of ammonia in dog during acidosis; weight ll.s kg., urea 
clearance IS ml fer minute. 


Period of collecting 
urine 

Diuresis 
per hour 

Ammonia 
(in milli- 
moles per 
hour) 

Date 

Total CO 2 in 
serum (in 
millimoles 
per liter) 

Ingestion of 
HCl (in milli- 
moles per 24 
hours) 

“/a 7.40— 8.53.. 

49.5 

0.97 


16 (at 10.00) 

100 (between 






6.50 and 7.55) 

8.53 — 9.34 . . 

95 

2.15 



60 (after 13.00) 

9.34—10.13. . 

172 

2.54 




10.13—10.56 . . 

232 

2.G2 




10.56—11.46.. 

218 

2.55 




11.46—12.34..! 

190 

2.43 


J 


“/a 12.25—13.26 . . 

183 

2.67 

’73 

14 

50 

15.30—16.25 . . 

195 

2.42 

’73 

18 

70 

>73 12.10—13.13. . 

175 

2.83 

'V3 

15 

60 

“/s 12.20—13.18. . 

191 

2.35 

’73 

14 

60 

“/» 12.30— 13.40. . 

227 

2.64 

’73 I 

17 



acid is produced in the organism. It is not possible for me to give 
a satisfactory explanation to this as I have' not controlled the 
food eaten during the experimental periods, nor have I investi- 
gated if any NH4CI was excreted with the feces. 

Table 4 shows the formation of ammonia in a dog during aci- 
dosis induced by ingestion of HCl. It reaches its maximum after 
a couple of hours and then remains constant during the following 
days. In control experiments it was shown that the ammonia for- 
mation behaves similarly during acidosis induced by the ad- 
ministration of ammonium chloride. 

Discussion. 

The experiments show clearly that the formation of ammonia 
in human subjects during acidosis exhibits a certain inertia, so 
that it reaches its maximum intensity after some days but con- 
tinues some time after cessation of the acidosis. This confirms 
the results of Gamble, Blackfan and Hamilton and of Polling, 
but disagrees with those of PiTZ and van Slyke. In dogs the 
formation of ammonia reaches its full magnitude in a few hours. 

The experiments further show that the maximum rate of am- 
monia formation reached during an acidosis is rather well defined 
and independent of the degree of acidosis. It may be worth point- 
ing out that this maximum seems to be approximately the same 


formation of ammonia in the kidneys, iAl 

man as in the dog, when calculated per ml urea clearance. In 

the subject E. V. C. the quantity 

Maximum rate of ammonia formation 

urea clearance 

is ca. 220/71 = 3.1. In another male subject the same quantity 
is ca. 230/68 = 3.4, In two dogs we found the values 65/18 = 3.6 
resp. 50/11.5 = 3.5. 

The excretion of acid in the urine, measured by titration to 
pH 7.20, did not in general constitute as great a part of the neu- 
trality regulation as the formation of ammonia. This is due to 
the fact that the excretion of acid is limited by the buffer capac- 
ity of the urine, since the hydrogen ion concentration cannot 
exceed a certain definite level. If the buffer capacity is increased, 
the excretion of acid can increase and may far exceed the for- 
mation of ammonia. By intravenous administration of phosphate 
to a dog during an acidosis Pitts and Alexander (1945) obtained 
a rise in the titratable acid to more than 30 m.e. per hour. In 
a similar experiment carried out by me the titratable acid reached 
33 m.e. while no change in the production of ammonia was found. 

The excretion of acid was largest during the first days of the 
experiment, before the formation of ammonia had reached its 
maximum. However, the difference was so small that we cannot 
regard it as a compensation for the reduced formation of am- 
monia. 

The problem of the variations in hydrogen ion concentration 
will be further discussed in a later paper. 


Summary. 


A description is given of a modification of the method of Eolin 
and Bell for the determination of ammonia in urine by means of 
permutite. 

It is demonstrated that both in man and dog the formation 
of ammonia during acidosis reaches a rather well defined maxi- 
mum independent of the degree and duration of the acidosis. 
In man this maximum is reached after about 4 days, and the 
ormation of ammonia continues at a high rate some time aftei 
cessation of the acidosis. 

formation of ammonia attains its maximum i 
the course of a few hours. 


in 
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The pH in human urine is lowest in the initial stage of the 
acidosis and increases with increasing formation of ammonia. 

I am indebted to P. Carl Petersens Fond for support of this 
work. 
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The present work is an attempt at an investigation of the laws 
that govern the carhon dioxide tension in urine, in particular its 
dependence on the pH and buffer capacity of the urine and on the 
diuresis. 

Strassbukg (1872), from an investigation of 3 cases, found that 
the carbon dioxide tension in urine was considerably higher than 
that of venous blood. 

Sendeoy, Seelig and van Slyke (1934:) found that the carbon 
dioxide tension in urine varies between 40 and 200 mm and does 
not depend on the pH of the urine, Saree (1938) has found similar 
results but did not, however, find values exceeding 100 mm. This 
author points out the possibility that the hydrogen' ion concen- 
tration in the urine may change so much during the time needed 
for its collection (about half an hour) that the values actually 
measured do not correspond to the original tensions. 

Saree has thereby drawn attention to an important fact, which 
previously by Mainzer and Bruhn (1931) had been made res- 
ponsible for the large variations in the carbon dioxide tension in 
urine. However, neither Sarre, nor Mainzer-Beuhn nor the other 
workers have got this factor under control, since they have taken 
no precautions to keep the hydrogen ion concentration constant 
during the experiments. In particular in the experiments of 
ENDROY, Seelig and van Slyke there has been a danger of varia- 
tions in pH, since their experimental subjects have carried out 
muscular exercise or have been given bicarbonate. 
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In some recent investigations concerning the excretion of bi- 
carbonate in the urine Pitts and Lotspeich (1946) give some 
estimates of the in urine of dogs under different conditions. 
In their experiments pH has been relatively constant and the 
diuresis very large and so the error originating from mixture of 
different portions of urine must be considered quite small. They 
find, the p^^^ in urine with pH < 6.0 approximately to equal the 
tension in arterial blood, but largely to exceed it when pH > 7.0, 
the difference in tension in many cases being more than 50 mm. 
The authors calculate p^^^^ in urine and arterial blood from the 
content of total carbon dioxide and pH, using a pK value of 6.1. 
pH has been measured at room temperature and corrected to 
37°C. by subtracting 0.01 pH unit per degree difference in tem- 
perature. As the authors state themselves, this is a rather in- 
accurate method. pK cannot be expected to be constant in dif- 
ferent samples of urine (cf. Sendboy et al., 1934) and an error of 
0.1 in pK or pH will result in an error of 26 % in the calculated 
tension. 

The purpose of the investigations here presented has been to 
measure directly with tonometer the carbon dioxide tension of the 
urine of man under various conditions, but always subject to the 
condition that the hydrogen ion concentration has been kept as 
constant as possible during one and the same experimental period. 


Methods of Analysis. 

For determinations of pH we used the glass electrode. The voltage 
Was measured by means of a thermionic tube potentiometer. 

The urine Was kept imder paraffin oil and at a temperature of 

20° i 2°C. . . 

As standard buffer a solution Was used consisting of equal amounts 
of 0.1 n acetic acid and O.i n sodium acetate (pH = 4.625 at 20°C). 

For determinations of the carbon dioxide tension in urine We have 
used a tonometer similar to that of Sendboy, Seelig and van Slyke 
(1934). Except for the volume this tonometer corresponds completely 
to that described by van SlykE, Sendboy and Liu (1932) for the deter- 
mination of tensions in blood. 

Since We were imable to procure a four-Way stopcock, which Was 
necessary for this apparatus, I am indebted to Einab Lundsgaabd for 
having constructed another tonometer using a three-Way stopcock. 
However, the analytical procedure is about the same in both cases. 
The volume of our tonometer Was 21.2 ml instead of 50 ml in the appa- 
ratus of Sendboy, Seelig and van Slyke (1934). This choice of dimen- 
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sions enabled us to measure the tensions in smaller samples of urmc. 
However, at the same time we increase the error that originates from 
the circumstance that Pco., in CO.-mixture used m the tonometer 
bubble is different from p'o„ in the urine sample. If the sample is so 
acid as to contain practically no bicarbonate, this error y will be given to 
a high degree of approximation by the expression 

Po CO: 

y = (P2. CO: ^ Pl, CO:) ^ X 20:27x O..022 


where Pj co: and p„ co, are the carbon dioxide tensions in urine sample 
and tonometer bubble respectively; 0.95 is the volume of the tonometer 
bubble, 20.25 the volume of the urine in the tonometer, both quantities 
being expressed in ml; 0.522 is the average absorption coefficient of 
CO2 in urine at 38°G (Sendroy, Seelig and van Slyke, 1934). We have 
approximately 

y =0.08(p.^ — Pj). 


Since the difference between p, co, and p„ co, ia all experiments at 
pH around 5 has been less than 5 mm We get y < O. J mm. At Ingher 
values of pH, where appreciable amounts of HCO'J are present, y is 
smaller; y is the smaller the higher are the values of pH and the buffer 
capacity of the urine. 

In the experiments to be reported below the difference (p^ — p^) 
has always been less than 5 mm at a pH around 5, and less than 10 mm 
at higher values of pH. Thus, in acid samples of urine y has been less 
than 0.4 mm, and less than 0.8 mm in the samples with pH > 6.0. 
Since the error in the tension measurements is somewhat higher than 
these figures, we have not taken any correction into account. 

On introduction into the tonometer the sample of urine will take 
up resp. give off carbon dioxide, according to whether pi is lower or 
higher than pj. At the same time pj will decrease since the COj-bubblc 
is “diluted” by taking up Water vapour. (In my experiments I have 
Med a dry C02-mixture in the tonometer bubble.) Furthermore p« will 
increase on heating the tonometer to 38°, but the error arising from this 
circumstance will be partly eliminated in the subsequent equilibration 
to atmospheric pressure. 

These errors are, however, of no practical importance, since none of 
them are larger than O.i mm, and the tWo last mentioned errors tend to 
cancel each other. 

In order to test the accuracy of the method We have measured p^^^ 
in an aqueous solution of COj at pH = ca. 3 and compared it to the 
tension calculated from the volume of GO. found by liberating the 
gas in 0 a partial vacuum. By this double determination of on 10 
ferent solutions the following results Were obtained: * 


9 ^/ 80444 . Actapliys.Scandinav. Vol. 15 . 
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Co-gsolution . . . 
PcOj "directly” 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

determined . . 
PcOj determined 
with tonome- 

49.4 

48.7 

50..'3 

52.7 

54.1 

5.3.5 

48.1 

49.2 

55.1 

51.5 

ter 

47.3 

49.1 

50.2 

47..^ 

.55..') 

.54.0 

47.1 

47.3 

52.8 

50.8 

Difference 

-2.1 

+ 0.4 

-0.3 

—5.2 

+ 1,4 

H 0.5 

-1.0 

-1.9 

-2.3 

-0.7 


Average differ- 
erice; — 1.1 


Pcoo tonometer bubble was in all determinations 50 mm. It 

seems, therefore, that tonometer determinations give somewhat lower 
values than direct determinations. 

^ We have further assured ourselves that in the tonometer determina- 
tions minute quantities of urine do not pass over into the van Slyke 
apparatus by adhering to the mercury. Considerable errors might 
arise in this way in urines with a high content of HCO~. We measured 
p^Q^ in the ordinary way in a solution of carbonate containing ca 
300 milliequivalents CO“ per liter corresponding to the maximum 
content of HCO“ to be expected in urine, and found p^^^ < 1 mm. 

The determination of the carbon dioxide tension in alveolar air was 
carried out in the following way: in immediate continuation of a normal 
expiration a maximum expiration was made through a long rubber 
tubing ending under water. Samples for analysis Were drawn from 
the air enclosed in the tubing. The content of carbon dioxide, expressed 
in per cent, was determined according to van Slyke, Sendroy and 
Liu (1932). 

The content of total-COg-in serum and urine was determined according 
to Peters and van Slyke (1932), and the content of HCO7 in urine 
by subtracting the carbon dioxide physically bound from the total CO2. 

The titration curve of urine after removal of COg by ventilation (at 
a pH between 4 — 5) was determined by titrating with O.oi n NaOH 
using a glass electrode to give the values of pH. 


Experimental Conditions. 

The experiments reported in the present paper have all been carried 
out on one and the same experimental subject, a 20 years old man of 
weight 55 kg. However, on other young men certain control experiments 
have been carried out, indicating that the results obtained are not 
characteristic of the individual experimental subject. 

Experiments have been carried out both during acidosis and alkalosis 
and at neutral reaction. 

In acidosis it is easy to keep the hydrogen ion concentration in the 
urine constant. Moreover, in acid urine changes in pH will cause only 
insignificant changes in Pqq^ since only a small fraction of the total 

CO2 is present as HCO3 . 
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During alkalosis tke pH of the urine -will likewise be fairly constant, 
provided only that the diuresis is approximately constant. Mixing of 
two samples of urine within a period will entail only a minor change in 
Ppp since the buffer capacity of urine in this interval is very small, 
in particular when, on account of the alkalosis, only insignificant quan* 
tities of ammonia are present. 

The greatest difficulties are encountered when pH is between 5.5 
and 7.0, since in this interval the reaction is fluctuating. Under these 
conditions we have succeeded in obtaining a satisfactorily constant 
pH only when the diuresis is large. However, this latter fact entails the 
advantage that it is possible to collect urine over shorter intervals of 
time. 

We have always taken several samples of urine in series, in order to 
make sure that p^.^^ was constant under constant conditions. Moreover 
the hydrogen ion concentration was measured in samples drawn both 
before and after those used for the determination of p^^Q^. 

The day before an experiment the subject received a diet poor in 
calcium, in order to avoid precipitation of calcium phosphates in the 
urine at alkaline reaction. All the experiments were carried out in the 
morning before the subject took any food. 


Experimental Results. 


‘Pcog urine with pE < 5.5. 


Table 1 shows the results from 3 days after administration of 
ammonium chloride. On the first day the subject shows a normal 
content of bicarbonate in serum, on the other two days there is a 
decrease in the content of bicarbonate and at the same time a 
decrease in the carbon dioxide tension of the alveolar air. 

The hydrogen ion concentration in the urine has surprisingly 
enough its lowest value at the lowest value of the bicarbonate 
content in serum. This fact will be investigated more closely in a 
later communication. 

It is further seen that in the urine is about 3 mm higher 

Pco 2 alveolar air, and that a decrease of the latter 

tension entails a corresponding decrease of the tension in the 
urine. 


Further experiments under similar conditions gave analogous 
resu s. In 30 different samples of urine the carbon dioxide tension 

mi, ““ dioxide 

tension m tbe alveolar ait, determined at the same time. 

'Pco, urine with pH = ca. 6 . 5 . 
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Table 1. 


Time of collecting 
sample of urine 

pH in 
urine at 
20^ 

Pcoj in 
urine at 

38° 

PCO2 in 
alveolar 
! air 

Total CO, 
in serum 

9—10 h 

4.80 



26 milliequiv. 

10—11 

4.78 

43 mm 

41.9 mm 

per liter 

11—12 

4.77 

46 

40.9 


12—13 

4.80 

45 

41.6 


13—14 

4.79 




9—10 h 

.5.17 



21 milliequiv. j 

10—11 

5.20 

42 mm 

35.8 mm 

per liter i 

11—12 

5.21 

37 

35.6 


12—13 

5.25 

37 

37.0 


13—14 

i 

5.25 

1 




9—10 h ' 

5.30 



17 milliequiv. 

10—11 

5.35 

35 mm 

31.7 mm 

per liter 

11—12 

5.33 

35 

, 32.1 


12—13 

5.39 

36 

31.3 


13—14 

5.38 





P0C2 urine and alveolar air when pH<^ 5.50 in the urine. Exp. suhj. J. V. 
H. Diuresis 100 ml per hour. 


Table 2. 


Time of collecting 
sample of urine 

pH in 
urine at 
20° 

Pco, “ 
urine at 
38° 

PCO2 

alveolar 

air 

Total CO, 
in serum 

10 —10.10 h 

6.52 


41.9 mm 

26 milliequiv. 

10.10— 10.20 

6.51 

62 mm 


per liter 

10.20— 10.30 

6.51 

58 



10.30— 10.10 

6.51 

59 



10.10— 10.50 

6.55 




10 —10.10 h 

6.57 


42.8 mm 

27 milliequiv. 

10.10— 10.20 

6.55 

57 mm 


per liter 

10.20— 10.30 

6.58 

58 



10.30— 10.10 

6.60 

58 



10.10 — 10.50 

6.62 





Pqq in urine and alveolar air when pH = ca 6-50 in the urine. Exp. subj. 
J. V. H. Diuresis = ca 900 ml per hour. 


As mentioned above we have imder these conditions only carried 
out experiments when the diuresis was large. 

Table 2 gives the results for two days. The difference between 
the carbon dioxide tensions in the urine and in the alveolar air 
is somewhat larger than 15 mm and hence considerably larger 
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than during acidosis. The results were also here fully reproducible 
from day to day. 

-» in urine with pH > 7.0. 

t'cOi 


Table 3 gives the results of an experiment during alkalosis 
induced by administration of 40 g NaHCOg before the experiment 
and then 2 g every hour. 


Table 8. 


1 Time of ] 

collecting > 
sample of 
urine 

3iuresis 
in ml 
per 
hour 

pH in 
urine 
at 20^ 

PCOi 
urine at 
38“ 

HCO- 

3 

in urine 
in m. eq, 
per liter 

HCOr 

3 

in urine 
per hour 
in m. 
equiv* 

PC02 ^ 
alveolar 
air in 
jnm’ 

Total 
CO, in 
scrum 
per liter 
in m. 
equiv. 

10.43—11.15 


7.98 




60.2 


11.15—11.51 

221 

8.00 

111 mm 

270 

59.7 


41 

11.51—12.26 

143 1 

i 8.00 

, 119 

285 

40.8 



12.26—13.18 ' 

119 

8.01 

117 

272 

32.4 

1 


13.18—14.62 

91 

8.05 

114 

i 300 

1 27,3 


1 * 

14.02—14.48 

57 

8.11 

1 109 

329 

1 18.8 



14,48—15.30 

72 

8.09 

114 

330 

1 23.8 


1 1 

15.30—16.25 

49 

8.10 

111 

324 

15.9 



16.25—16.45 

61 

8.10 


1 

1 

51.6 



Pco.. urine and alveolar air when pH ^7.00 in the urine. Exp.subj. J- V. 
H. Diuresis small. 


^co 2 urine is on the average ca. 60 mm larger than 

in the alveolar air. Both the hydrogen ion concentration and the 
tensions are satisfactorily constant. It is therefore very likely 
that the carbon dioxide tension in the urine emptied into the 
bladder really assumed this high value. 

In further experiments we investigated the dependence of 
Pco 2 magnitude of the diuresis at constant bicarbonate 

content in the blood. Table 4 shows the results of an experiment 
in which the diuresis was slightly larger than 800 ml per hour. 
Pco 2 urine is here somewhat smaller, on the average ca. 

25 mm larger than in the alveolar air. At the same time 
pH has decreased to about 7.40, The concentration of bicarbonate 
is reduced to ca. ^/g, but the excretion per hour is of the same order 
of magnitude as at a smaller diuresis. 

In Pig. 1 we have reproduced the results of all the measure- 
men s o in the urine of our experimental subject during 
alkalosis. In all cases p^^^ in the alveolar air was between 49 and 
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Table 4. 


Time of 
collecting 
sample of 
urine 

Diuresis 
in ml 
per 
hour 

pH in 
urine 
at 20^^ 

PcOj 
urine at 
38° 

HCO- 

^ 3 

in urine 
in m. eq. 
per liter 

HCO- 

3 

in urine 
per hour 
in m. 
equiv. 

PcOjin 

alveolar 

air 

Total 
CO 2 in 
serum 
in m. 
equiv. 
per lit. 

16.15—17.05 

837 

7.49 






17.05—17.25 

819 

7.44 

80 mm 

39.8 

32.0 



17.25—17.48 

892 

7.43 

71 

37.5 

33,5 



17.48—18.09 

855 

7.40 

72 

34.0 

29.1 

49.5 mm 


18.09—18.30 

809 

7.42 

81 

39.1 

31.6 


40 

18.30—18.49 

716 1 

7.43 







in urine and alveolar air when pH ^ 7.00 in the urine. Exp.subj J. V. 
H. Diuresis ^ 800 ml per hour. 


52 mm and total CO 2 in serum was between 38 and 41 milliequi- 
valents per liter. We are therefore presumably justified in repre- 
senting the quantities together. 

When the diuresis is less than* ca. 250 ml per hour, we find no 
relation between diuresis and p„„ in the urine, but at values of 
the diuresis between 250 and 1,000 ml per hour p^^^ decreases 



Fig. 1. Relation between logaritm of diuresis and Pco^ in nrine. pH in urine 

> 7 . 00 . 
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with increasing diuresis. T'urtlier there seems to be an approximate- 
ly linear relation between carbon dioxide tension and logarithm 

of diuresis. • 4 4.1 

In most of our experiments during alkalosis we determined the 

titration curve of the urine after removal of CO 2 by ventilation. 
It was namely assumed that the high values of the carbon dioxide 
tension in the urine might be due to a transformation of HCO ^ 
to CO 2 , and by means of the titration eurve it is possible to cal- 
culate the change in pH due to such a transformation. A further 
discussion of this point is given below. 


Discussion. 

1. The relation beliveen p and pll tn the iirine. 

Carbon dioxide is an easily diffusible substance, so the tensions 
in blood and urine might be expected to be approximately equal. 

The observed carbon dioxide tensions at pH <5.5 are in 
good agreement with this view. The result that the tensions in 
urine are 3 — i mm higher than those in the alveolar air is in agree- 
ment with the condition that p^^^ in the tubular liquid must be 
somewhat higher than the tension in the venous blood of the kid- 
ney, which again must be higher than the tension in the alveolar 
air. 

As already mentioned previous authors with the exception of 
Pitts and Lotspeich have found much higher carbon dioxide 
tensions in both acid and alkaline urines, but this can be fully 
explained by the fact that they have taken no precautions to keep 
the reaction of the urine constant during their experiments. As a 
curiosity I may mention that on neglecting this condition I have 
measured carbon dioxide tensions up to 600 mm. 

The higher carbon dioxide tensions found in more alkaline 
urine are rather surprising. On considering the diffusibility of 
carbon dioxide, the small width of the tubuli and the great vascu- 
larisation of the kidneys, it is difficult to imagine the existence 
of a carbon dioxide tension in the tubular liquid more than twice 
as high as that in arterial blood. Pitts and Lotspeich (1946) 
state tha,t “presumably bicarbonate reabsorption is effected in- 
vrect y in the distal tubule by the exchange of H'*' ions for Na"*" 
10 ns, t ereby converting bicarbonate in the tubular urine to car- 
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bonic acid” and that "failure to establish equilibrium across the 
tubular epithelium would account for the fact that the n of 

urine is often higher than that of blood, especially when the distal 
mechanism is loaded and bicarbonate appears in the urine”. 

This view is supported when we consider the investigations of 
Faurholt (1924) which seem to offer a fuller explanation of the 
fact that p^^^ is the highest in alkaline urine, 

Faurholt measured the velocity coefficients at 0°C and at 
18°C of the processes that determine the rapidity with which 
the equilibrium is set up. If we assume that the velocity increases 
with the same temperature coefficient between 18° and 38°C as 
between 0 ° and 18°C, we find that at pH = 5 50 % equilibrium is 
reached in 0.1 sec., 90 % in 0.3 sec., and 99 % in 0.6 sec. For values 
of pH between 5 and 7 the logarithm of the velocity is in rough 
approximation inversely proportional to pH, and at a pH in the 
interval between 7 and 8 we find that a 20 % equilibrium is reached 
in ca. 0.7 sec., 50 % in ca. 2 sec., 90 % in ca. 7 sec. and 99 % in ca. 
14 sec. 

These figures are of course only approximate, but they show 
that there is a possibility that the equilibrium between HCO 7 , 
CO 2 and pH at alkaline reaction is not set up in the tubuli, but only 
after the urine has reached the collecting ducts, where conditions 
are less favourable for diffusion. I would consider this explanation 
much more probable than the assumption of a carbon dioxide ten- 
sion in the tubular liquid more than twice as large as that of 
arterial blood. 

Granted the correctness of this assumption the transformation 
of the filtrate to urine would have to be accompanied by a shift of 
the process 

HCO 7 -f H+ H 2 CO 3 7 :^ H 2 O + CO 2 

to the right. Such a displacement may occur on account of an in- 
crease either in HCO 7 or in H”*". Both these processes are likely to 
play a role. 

In the more concentrated samples of urine the content of bi- 
carbonate was higher than 300 milliequivalents per liter, which is 
a very considerable concentration from the value for serum (ca. 
40 m.e. per liter). However, when the diuresis was large the con- 
tent of bicarbonate was often smaller in urine than in blood during 
alkalosis. Since the carbon dioxide tension was higher in the urine 
than in the blood, the hydrogen ion concentration must have 
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Fig. 2. Example of calculation of ^^intitial” pH in the liquid in the tubule. The 
figure shows the titration curve of the urine after removal of the COj. 

The Pqq in the sample in question was 88 mm^ the ‘^excess pressure’* was 
84 mm. The absorption coefficient has been estimated to 0.54. The volume of 
the titrated sample was 40 mm. 34 mm COj then represents (0.54 X 34 X 40) 
/(760 X 22.4) = 0.0439 m. e. CO. which, according to the theory, has been formed 
by transformation of HCO'^ This quantity is equivalent to 4.39 ml O.Ol nNaOH. 
We determine the point on the curve that corresponds to the pH of the urine 
(in the present case pH = 7.60). From the ordinate of this point wo subtract 
4,39, and then determine the point on the curve corresponding to this reduced 
ordinate. The abscissa of the latter point gives the pH of the urine before tho 
transformation of HCO^ to COj bad taken place. 

been higher in urine than in blood. This might be interpreted to 
mean that under these conditions, in spite of the alkalosis, the 
urine has been acidified during its passage through the tubules, 
lu order to investigate whether we really have to reckon with the 
occurrence of such phenomena, I have calculated the hydrogen 

ion concentration of the urine before the transformation of HCOT 
to COj. 

h'or every equivalent of HCOj, which is transformed to COs, 
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one equivalent of H'*' is consumed. This must be taken from the 
other buffer systems in the urine, the reaction of which is thereby 
shifted in alkaline direction. The magnitude of the shift, which 
occurs when a certain definite amount of H'*' is given off, depends 
upon the titration curve of the other buffer systems in the urine, 
and from a knowledge of this curve we are able to calculate the 
value of pH before the shift. 

By way of approximation we assume that the initial p in the 
tubular liquid is equal to p^^^^ for the alveolar air plus 3.3 mm, 
corresponding to the conditions during acidosis. This number is 
subtracted from the p^^^ of the urine, and we compute the cor- 
responding number of milliequivalents of CO 2 (for the absorption 
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pnpfficient we have assumed the approximate value 0.51^0.54, 
according to the concentration of the urine; see Sendboy, eelig 
and VAN Slyke (1934). The same number of milliequivalents o 
have been given off by the other buffer systems m the uime, 
and in a titration curve, determined for the sample of ^ 
question after removal of COa by ventilation, we can read oft the 
value of pH before the transformation occurred. Fig. 2 shows by 
way of example how the calculation is carried out. 

lig. 3 shows the "initial” pH values calculated by the above 
method for 30 samples of urine during alkalosis. It appears that, 
granted the correctness of the assumption that the high carbon 
dioxide tensions are due to a retarded transformation of HCO j 
to COo, the hydrogen ion concentration of the tubular liquid has 
in most cases been far below that of the plasma. Hence hydrogen 
ions must have been added to the liquid in the tubules in spite of 
the alkalosis. 

It seems as if the "initial” pH values are the smaller the larger 
the diuresis. However, this may be merely due to the circum- 
stance that a larger quantity of COo has diffused back to the 
blood when the diuresis is small on account of the slower passage 
of the urine through the kidneys. Another factor may also play a 
role. If the urine is acidified at some place in the kidneys, the 
hydrogen ion concentration will here decrease imtil the transfor- 
mation of HCOj to COo is equivalent to the added quantity of 
hydrogen ions. Since this transformation is proportional to the 
concentration of HCO^ it will proceed more rapidly at a small 
diuresis, and the equilibrium is then reached at a higher value 
of pH. 

I have tried in vain to demonstrate in a direct way that the 
cells of the tubules supply hydrogen ions to the tubular I'quid 
during alkalosis. The larger the buffer capacity of the urine the 
waller will be the change in pH during the transformation of 
C 5 to C0-. If we therefore greatly increase the buffer capacity 
t ere will be a -possibility of obtaining acid urine during a weak 
alkalosis I have tried to increase the buffer capacity in dogs by 

treatolt animals could stand tliis 

alWosis the injection of 

e:n«:):hi^‘r:rthit T 

creased to about 6 bi f 1 ^ y<Irogen ion concentration de- 
but clearance was then at ca. 10 % of the 
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normal value. The experiments therefore do not constitute any 
reliable evidence. 

In this connection it is worth mentioning that also under 
other conditions an acid urine has been found during alkalosis 
and with low values of clearance. Thus Nicols (1940) observed a 
decrease in the hydrogen ion concentration of the urine to about 

6.0 during the final stage of alkalosis, where kidney injury occurs. 
This can be easily explained on the basis of the theory that the 
high values of pH under normal conditions are due to the trans- 
formation of HCO7 to CO2. When clearance is small only a small 
amount of bicarbonate is present in the liquid in the tubuli, and 
the transformation of HCO7 is therefore also small. Granted the 
correctness of this explanation we may expect to find acid urine 
also under other conditions, where the excretion of bicarbonate is 
reduced. This is in very good agreement with investigations which 
show a low value of the hydrogen ion concentration in the urine 
during alkalosis when there is at the same time a deficiency in 
sodium. Under these conditions most of the sodium is absorbed 
from the urine and therefore at the same time most of the bicar- 
bonate. 

On the whole the facts discussed above give some support to 
the idea that certain cells in the tubuli, without regard to the 
reaction of the organism, tend to make the urine acid. In the frog 
this has been proved to be the case in a direct way. Ellinger 
(1940) has photographed the nephrons in frogs after ingestion of 
fluorescein and large amounts of bicarbonate, and foimd that in the 
liquid in the tubuli the hydrogen ion concentration was between 

7.0 and 7.5 up to the last third of tubulus dist., where the concen- 
tration was between 6.0 and 6.5. 

2. The relation between t) and the diuresis. 

■^002 

As shown in Fig. 1 the carbon dioxide tension during alkalosis 
decreases with increasing diuresis, provided the latter quantity 
exceeds 250 ml per hour. This may be explained by assuming the 
variations in the small diureses to arise by the excretion of more 
or less bicarbonate, the concentration in the urine being kept 
constant and close to its maximum value. The three values, with 
the diuresis smaller than 260 ml per hour and p^^^ at the same 
time smaller than 105 mm, have been samples with a low con- 
centration of bicarbonate. 
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It is therefore possible that if we were able to keep the excre- 
tion of bicarbonate per hour constant while varying the diuresis, 
we would find a relation between ppQ_^ and the diuresis also when 

the latter quantity is less than 250 ml per hour. 

The fact that the carbon dioxide tension decreases with increas- 
ing diuresis is after all not so surprising since the concentration 
of bicarbonate behaves in a similar way. 

If the problem is considered . on the basis of the aforementioned 
theory of the transformation of bicarbonate to carbon dioxide, it 
is seen that a smaller concentration of bicarbonate must entail a 
smaller transformation to CO. and hence a lower tension. Nothing 
is known about the changes in the process that tends to acidify 
the urine; if it proceeds unchanged it will of course bring about a 
transformation of HCO 7 to COj of the same order of magnitude 
as before per hour, but a smaller transformation per liter, and this 
will result in lower tensions. On the other hand there is no doubt 
that at a higher diuresis less carbon dioxide will diffuse back to 
the blood before the urine is emptied into the bladder, and this 
will tend to increase the tension. The situation is therefore very 
complicated and we must restrict ourselves to a statement of the 
final result: the carbon dioxide tension in urine during alkalosis 
decreases with increasing diuresis. 

Finally it may be mentioned that still another explanation for 
the high carbon dioxide tensions is possible. Different nephrons 
may function differently, in such a way that some of them produce 
an acid urine, even during alkalosis. Mixing of this urine with the 
alkaline urine of the other nephrons brings about the increase in 
Pco 2 * there does not seem to be nephrons producing 

an alkaline mine during acidosis is probably not a decisive argu- 
ment against this theory. The good reproducibility of the experi- 
mental results may well be due to a statistical regularity in the 
function of the nephrons entailing a considerable constancy in 
pH and p^^^ from one experiment to another. However, it must be 
realmed that if a scattering in the function of the nephrons should 
suffice to explain the high carbon dioxide tensions, then this 
scattering must be rather considerable. 
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Summary. 

TKe carbon dioxide tension of the urine has been determined 
under different conditions; the hydrogen ion concentration has 
thereby been kept constant during each experiment. 

In 30 'experiments at pH < 5.5 the values of p in the urine 
were 3.3 ± 2 mm higher than the values of p^^^ in the alveolar air. 

At pH = ca. 6.5 and with a large diuresis p^^ in the urine was 

CO2 

ca. 15 mm higher than in the alveolar air. 

At pH >7.0 the difference between p in urine and in alveolar 
air was still larger, from 20 to 70 mm, and it was found to decrease 
with increasing diuresis. When the diuresis was less than 250 ml 
per hour no relation could be found between diuresis and carbon 
dioxide tension in the urine. 

It is pointed out that on account of the great diffusibility of 
COj one would a priori expect the carbon dioxide tension in the 
urine to be almost equal to that in the blood. This is found not to 
be the case in alkaline urine, and to account for this two possible 
explanations are advanced: either, that the equilibrium between 
[HCO7] and [CO2J is established only after the urine has reached 
the collecting ducts, or, that the tubuli function differently, in 
such a way that some of them produce an acid urine even during 
alkalosis. 

If the former theory is accepted, we are forced to the conclusion 
that the cells of the tubuli supply hydrogen ions to the urine even 
during alkalosis and that the urine becomes alkaline by the trans- 
formation of bicarbonate to carbon dioxide. 

I am indebted to P. Carl Petersens Fond for support of this 
work. 
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When, investigating the influence of oxygen upon respiration, 
arterial blood pressure and pulse frequency in experimental 
animals, v. Euler and Liljestrand (1942) observed a de- 
crease in all three in the case of anaesthetized cats and dogs. 
The central role of the chemoreceptors in this respect is clear 
from the fact that a denervation of both sinuses extinguished 
the oxygen effect upon respiration. Neither was there any change 
in pulse frequency when sinus denervation was combined with 
vagotomy. After both sinus denervation and vagotomy all the 
animals exhibited a contrary reaction as regards the blood pres- 
sure, w'hich rose. The same results have been obtained in experi- 
ments on rabbits (Hejneman, 1943). 

The effect upon respiration of breathing 100 % oxygen in the 
case of the human being has been described by several workers, 
but their observations seem rather contradictory. Thus in 6 cases 
Davies, Brow and Bigger (1925) found an average increase in 
respiratory minute volume of 2.6 %. This deviation, however, 
was not statistically significant. Behnkb, Johnson, Poppen 
and Motley (1935) observed no change in respiration frequency 
or respiratory minute volume induced by oxygen inhalation, in 
some cases during 4 hours. In these experiments, however, they 
did not begin the measurements until after the lapse of 80 minutes, 
and no information is given as to the immediate changes. 
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Dautrebande and Haldane (1921) stated that oxj gen in- 
creases the ventilation, but they gave no further information. 
In the case of subjects breathing oxygen for 50 minutes, Shock 
and SoLEY (1940) found an increased respiratory minute volume. 

Watt, Dumke and Comroe (1943) described an immediate in- 
crease in respiratory minute volume in 13 cases, a decrease in 4 and 
no change in 2. Keys, Stapp and Violante (1943) maintained 
that the inhalation of oxygen at atmospheric pressure caused a 
slightly increased ventilation. 

The influence of oxygen inhalation on the vital capacity has 
been studied by Comroe, Dripps, Dumke and Deshno (1945). 
In 63 cases out of 80 they found a decline in vital capacity. The 
subjects breathed different oxygen concentrations (50, 75 and 
100 %) in the course of 24 hours, and in most cases the decline 
■was between 200 and 300 cc, but in 15 cases it reached 400 cc, 
Avith 2 peaks of 1,480 cc. 

The results in respect of the pulse reaction during oxygen 
inhalation are more concordant. Benedict and Higgins (1911) 
demonstrated a pronounced decrease in pulse frequency, induced 
by the inhalation of high oxygen concentrations at atmospheric 
pressure. The same result has been described by Dautrebande 
and Haldane (1921), Behnke, Shaav, Schilling, Thomson and 
Messer (1934), Anthony (1940) and ICeys, Stapp and Violante 
(1943). By means of ballistocardiographic measurements White- 
horn, Edelmann and Hitchcock (1940) found a decrease in 
cardiac output, amounting to an average of 15.5 %. During the, 
first 10 minutes this reduced cardiac output was almost exclusively 
due to a decreased pulse frequency and after' that also to a de- 
crease in stroke volume. 

When reAueAving the experiments performed by Behnke, 
Shaw, Schilling, Thomson and Messer (1. c.) in all cases except 
one Bean (1945) found an increase in diafetolic blood pressure, 
and in all oases except one a decrease in systolic blood pressure, 
thus a diminution of the pulse pressure. When studying the in- 
fluence of oxygen breathing Keys, Stapp and Violante (1. c.) de- 
■monstrated a slight, but statistically significant increase in the 
diastohc pressure and a tendency toAvards an increase in the 
systo c blood pressure. The pulse pressure decreased someAvhat. 
Whitehorn, Edelmann and Hitchcock (1. c.) did not observe 
any c ange in the systolic blood pressure. On the other hand they 
oun a slight, but definite increase in the diastolic pressure. 
10 -~ 480 « 4 . Actavhys.Scandinav. Vol. 15. 
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Method. 

The subjects presented themselves early in the morning, without 
having taken any food during the preceding 12 hours. They were told 
to rest half an hour, either sitting (7 subjects) or Ijing down (8 sub- 
jects). A spirometer, containing 150 liters, was filled with air, the sub- 
ject Was connected up with the system and left so for another half 
hour, in order that he might get used to the apparatus and the respira- 
tory conditions. 

The experiment comprised 3 stages; 1. Breathing air for 20 minutes. 
2. Breathing 100 % oxygen for 30 — 10 minutes. 3. Breathing air for 
10 minutes. For the initiation of the oxygen breathing the subject 
Was connected up with another spirometer, which had already been 
filled with oxygen, but he was then returned to the first spirometer, 
since this had been speedily filled with oxygen. This was done in order 
to maintain similar conditions during air and oxygen breathing. 

In all 15 cases pulse and blood pressures were measured, at intervals 
as shown in Table 3. 

In 5 cases the respiratory frequency Was measured and the expired 
air was collected in a Douglas bag, during periods of 10 minutes. In 
only 2 cases were the corresponding volumes measured during the 
third stage of the experiment. 

In 12 subjects the vital capacity Was measured, firstly dming air 
breathing and secondly during oxygen inhalation. The measurements 
Were performed with a Krogh spirometer, after the subjects had breathed 
into the above-mentioned spirometer. 18 measurements were made 
for each subject. The subjects were breathing oxygen for 30 — 40 minutes 
before the later measurements were made. 


Results. 

Expiration volume. In all cases we observed an increase in 
expiration volume during oxygen breathing. The increase in 
expiration volume in the second sample, which was taken after 
20 minutes of oxygen breathing, was generally greater than the 
corresponding volume in the first sample, w'hich was taken after 
10 minutes of oxygen inhalation. On an average we found a 15.4 % 
increase in expiration volume. In the 2 cases in which the 
expiration air was measured during the third stage of the in- 
vestigation, we found a pronounced decrease in both cases. Res- 
piration frequency showed a certain, though insignificant, increase 
during oxygen inhalation. See Table 1. 

Vital capacity. In 10 cases out of 12 we found a reduction of 
vital capacity during oxygen breathing. In the 2 remaining 
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Table 1. 


Beipiraiion Frequency and Expiration Volume. 


Subject Sitting = S 

Lying down = L 

11 s 

12 L 

13 L 

14 L 

16 L 

After breathing 

Respiration frequency /min. and Expiration 
volume in Liter/10 min. 

Air 10 min 

11 

31.5 

13 

66.8 

12 

53.2 

|10 

65.7 

112 

49.7 

20 » 

11 

31.4 

12 

168.0 

13 

50.6 

12 

57.3 

12 

61.3 

Average 


31.5 


67.4 


51.9 


66.5 


60.5 

100 % 0, 20 min 1 

12 

33.9 

13 

69.0 

13 

62.7 

13 

64.6 

13 

56:5 

30 » 

13 

36.5 

14 

77.2 

14 

66.5 

14 

69.2 

13 

68.6 

Average 


35.2 


73.1 


64.6 


66.9 


57.6 

Liff. in % 


11.7 


S.5 


24.5 


18.4 


13.9 










Air 10 min 

l“l 

— 

-1 

1 — 

Ld 

- |12| 

63.9 1 

12 1 

54.8 


Expiration volume: Average in % = + 15.4 i 2.703 t = 5.514 P <^(K00l. 


Table 2. 


Vital. Capacity. 


Subject 

Air 

100 % 

0. 

Diff. in cc. 

Diff. in % 

1 

4.45 

4.20 

— 250 

— iH 

2 

5.80 1 

5.40 

1 

— 400 

1 


3 

4.75 1 

4.50 

1 

— 250 

1 


4 

4.10 1 

lESlI 

1 

— 200 

1 

— 4.9 

5 


mmi 

1 

— 300 

1 

— 5.8 

6 

3.95 1 

4.25 

■ 


■ 

1^9 

7 

5.20 J 

5.15 


— 50 

1 

— 1.0 

8 

4.52 1 

4.32 


— 200 

1 


9 

4.70 1 

4.60 


— 100 

1 


10 

4.65 1 

4.40 


— 250 

1 


11 

5.35 1 

5.50 


+ 150 

1 

+ 2.8 

12 

5.05 1 

4.80 


— 250 

1 

— 5.0 


Average in % == — 3.03 ± 1.229 t = 2.4G5 0.02 > P > 0.05. 


cases we found an increase. The reduction amounted at most to 

.9 ^ and on an average to 3.03 %, with a statistical significance 

e ween 0.98 and 0.95. The greatest reduction amounted to 400 cc. 
bee table 2. 

Pulse jrequency. lu all cases we found a pronounced reduction 
of pulse frequency, averaging 9.1 %. The effect of oxygen breath- 
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ing was striking, and even after 2 minutes the lowest value had 
been reached in 5 cases, and in most of the other cases this oc- 
curred after 5 minutes. The pulse frequency, too, was taken in 
the third stage and showed an immediate increase in all cases. 
See table 3. 

Blood pressure. The diastolic blood pressure showed an increase 
in 12 cases, in 2 cases amounting to somewhat more than 10 %. 
In 2 cases we found a slight decrease, and in 1 case the diastolic 
pressure remained unchanged. Statistical calculations showed a 
slight but significant increase in diastolic blood pressm-e, amount- 
ing to 5.7 %, In 10 cases the systolic pressure was shghtly in- 
creased, in 3 cases slightly reduced and in 2 cases unchanged. 
There was a slight tendency towards an increase. The pulse pres- 
sure showed a reduction in 10 cases, an increase in 4, and was 
unchanged in 1 case. The mean pressure was slightly increased. 
See table 3. 


Discu.ssion. 

The anaesthetization of experimental animals causes a certain 
hypoxaemia, resulting in increased respiration, pulse frequency 
and blood pressure. The supply of oxygen removes the oxygen 
defiency as a stimulous and thereby causes a decrease in all these 
phenomena. 

The contrary effect on respiration and blood pressure caused 
by the oxygen, when acting at a peripheral and central point, 
is obvious from sinus denervation in animals (v. Euler and Lilje- 
STEANTD, 1942). If the chemoreceptors are intact, oxygen consis- 
tently causes a decrease in ventilation, while after denervation 
there is sometimes an increase. This is assumed to be due to the 
direct influence of the oxygen on the respiratory centre, the 
anoxaemia, resulting on the decreased breathing after sinus 
denervation, being reduced. 

The changed reaction of the blood pressure before and after 
sinus denervation is explained in the same way. The blood pres- 
sure is reduced after denervaton during hypoxaemia, as has been 
shown by v. Euler and LrL. 7 ESTRAND (1936), and these authors 
(1942) are of the opinion that a certain degree of hypoxaemia 
appears in the breathing in ordinary air after sinus denervation. 
In this case the inhalation of oxygen will only act directly upon 
the vasomotor centre and result in an increase in tone. 
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The lessened pulse frequency during oxygen breatliing, when 
the chemoreceptors are intact, is explained as being due to a 
moderation of the impulses from the sinus receptors to the central 
regulating organs, the impulses being more frequent during hypox- 
aemia. A certain effect also remained, however, after total denerva- 
tion of the sinus (v. Euler and Liljestband, 1942). 

The reducing effect of the oxygen upon respiration, with the 
chemoreceptors intact, is' however only of short duration. The 
increase in respiration after this is explained (v. Euler and 
Liljestrand, 1942) as being due to a higher carbon dioxide 
tension in the blood, caused by the reduced ventilation at the 
commencement of the oxygen breathing. 

In experiments on unanaesthetized human beings the first 
phase of relative oxygen deficiency is absent. As a result of the 
oxygen inhalation, there is a great increase in the physically 
dissolved oxygen. Thus transported, the oxygen will in part 
supply the oxygen requirements of the tissues. There yill be a 
decrease in the available reduced haemoglobin and as a result a 
reduction in the supply of cations for the transport of carbon 
dioxide. In this case a certain addition of acid metabolites would 
take place in the tissues. The increase in the oxyhaemoglobin 
would also cause greater acidity in the blood. According to Shock 
and SoLEY (1. c.) the impaired transport of carbon dioxide ex- 
plains the increased ventilation during oxygen inhalation, which 
would thus be ascribed to a greater carbon dioxide stimulation of 
the breathing centre. 

CoMROE, Dripps, Dumke and Deming (1. c.) discuss very 
fully the cause of the decrease in vital capacity during oxygen 
breathing. That the cause is a substernal pain, sometimes ob- 
served in the case of oxygen breathing, is rejected on the grounds 
that most subjects do not feel any such pain. Atelectasis, pulmon- 
ary engorgement and incipient pulmonary oedema were con- 
sidered, but x-rays showed there could be no such possibility. 
These authors consider the cause to be alveolar damage. No 
sign of any such damage in form of a decrease in arterial oxygen 
tension was, however, to be found. 

Nor can that explanation be acceptable in our cases, and it 
appears hardly probable that 30 — 40 minutes’ oxygen breathing 
would cause such damage to the alveolar epithelium as to lead 
to the reduction in vital capacity met with in our cases. We 
s on pie er to consider the possibility of an accumulation of 
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Piilso frequency: Average in %: — 9.1 ± 0.892 t := 10.20 P <^0.001 

Syst. blood pressure; Average in %: + 1.6 ± 0.578 t = 2.76 O.Ol > P >l).02. 

Diast. blood pressure: Average in %: + 5.7 ± 1.065 t = 5.35 P <^0.001. 
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blood in the depots, which would also explain the decrease in 
vital capacity. In experimental animals v. Euler and Lilje- 
STRAND (1946) demonstrated that breathing of pure oxygen 
lowered the pulmonary arterial pressure. 

The reduction of the pulse pressure found in some of our cases 
is in accord with the results obtained by Behnke, Shaw, Schil- 
ling, Thomson and Messer (1. c.). Keys, Staph and Violante 
(1. c.) and Whitehorn, Edelmann and Hitchcock (1. c.). A com- 
bination of reduced pulse pressure and reduced minute volume 
(Whitehorn, Bdel.mann and Hitchcock, 1. c.) indicates a general 
peripheral vasoconstriction. A vasoconstriction has also been 
shown directly by a study of the blood vessels of the eye during 
oxygen breathing (Rosenthal, 1939). These findings do not seem 
to conform with Shock and Soley’s theory of the impaired 
transport of the carbon dioxide, as in that case all the tissues 
would obtain an excess of carbon dioxide, which in its turn would 
cause general vasodilatation. Neither do these statements conform 
with the above-mentioned hypothesis of an accumulation of blood 
in the depots. A central influence of the carbon dioxide on the 
vasomotor centre might however counteract or suppress such 
peripheral carbon dioxide action. The influence of varying carbon 
dioxide tensions has been investigated in animal experiments by 
V. Euler and Lil.tbstrand (1946). In animals with intact chemo- 
receptors they at first obtained a slight fall in the blood pressure, 
followed by a slight rise. This effect was much more pronounced 
after sinus denervation. The reaction is interpreted as being due 
to a peripheral COa-action, followed by a central COj-stimulation. 


Summary. 

The effect upon respiration, pulse frequency and blood pressure 
in man during the inhalation of 100 % oxygen at atmospheric 
pressure has been studied. 

Exfiration volume. In all cases an increase, averaging 16.4 %. 

Respiration frequency. In all cases an inconsiderable increase. 

Vital capacity. In most cases a decrease, averaging 3.03 %. 

Pulse frequency. In all cases an almost immediate decrease, 
averaging 9.1 %. 

Blood pressure. In most cases a decrease in pulse pressure. The 
diastolic blood pressure showed a statistically significant increase 
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of, on an average, 5.7 %. The systolic pressure was almost con- 
stant. 

No toxic symptoms were observed during these experiments. 
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In previous communications it has been shown, that adenosine 
triphosphate (ATP) when applied in small amounts to amphibian 
and mammalian muscle, apart from releasing contraction, has a 
sensitizing effect on subsequent application of acetylcholine. The 
sensitivity of a muscle to acetylcholine is increased four to ten 
times. Inorganic triphosphate has the same effect (Buchthal et 
al. 1944, Buchthal and Folkow 1944, Buchthal and E-Ahlson 
1944). It was left undecided, whether the changes observed were 
connected with the neuromuscular transmission, i. e. were specific 
for a stimulation by acetylcholine, or whether they were a property 
of the contractile substance. 

While in normal muscle pre\’ious application of acetylcholine 
has no effect on subsequent contractions released by ATP, the 
opposite was shown to be the case in denervated mammalian 
muscle, in which a preceding application of acetylcholine makes 
the muscle insensitive to intra-arterially applied ATP (Buchthai 
and Kahlson 1946). Also in denervated frog’s muscle a previous 
application of acetylcholine abolishes the release of contraction 
by ATP (Buchthal et al. 1946). No explanation could be offered 
for this peculiar effect in denervated muscle. 

It is the aim of the present investigation to study the relations 
between ATP, acetylcholine and electrical stimulation in normal 



acetylcholinb and adenosine triphosphate in muscle. 161 

and denervated muscle by using the height of contraction, the 
threshold and the strength-duration curves as measure of the 
changes induced by chemical stimulation. 

Method. 

Acetylcholine and ATP were applied by intra-arterial injection 
through a fine glass cannula, which was inserted in the sciatic artery 
of the frog, immediately above the branching of the artery in the 
popliteal fossa (Brown 1937). The mechanical response of the gastro- 
cnemius was recorded, after branches of the artery supplying other 
muscles had been ligated. In some experiments the substances were 
applied intramuscularly under careful avoidance of mechanical disturb- 
ances. It was regularly checked that even large amounts of Ringer 
solution did not produce any mechanical response. ATP prepared 
from Ba and Ca salts Was applied as the Na-salt in an iso-osmotic 
solution with a pH of 7 . 3 . All arterial injections were made in a volume 
of 0.03 ml Ringer. The Ringer solution contained per liter 6.3 g NaCl, 
0.2 g K,C1, 0.1 g anhydric CaCla, 0.2 g glucose and 3 per cent dextran 
to obtain normal colloid-osmotic pressure. A pH of 7. 3 and saturation 
with Oa was obtained by a suitable amount of HaHCOs and by passing 
a gas mixture of 1 per cent COa and 99 per cent Oa through the solution. 
The mechanical responses were registered by means of a torsion band 
myograph and photographically recorded. Electrical stimulation, which 
was applied to the muscle by thin silver wires, consisted of rectangular 
current pulses of adjustable voltage and duration. The frequency, of 
stimulation Was 1 — ^2/sec. Curarine was likewise applied intra-arterially 
and its effect tested by the disappearance of indirect excitability. Eor 
experiments on denervated muscles the sciatic nerve was cut on one 
side immediately after its passage through the greater sciatic foramen and 
degeneration was allowed to proceed for a period of three to four weeks. 
In another series of experiments acetylcholine and ATP were applied 
directly on isolated non-curarised and curarised muscle fibres before 
and after denervation. All experiments were performed at a temperature 
of 18—20° C. 


Results. 

1. Acetylcholine and electrical excitability. The effect of intra- 
arterially applied acetylcholine is different in summer- and 
winterfrogs. In the former the threshold dose is about l/lOth 
o t at in winterffogs. The mechanical response in summerfrogs 
IS 0 ^ short duration (twitch-like) while in winterffogs **the con- 
ration generally. is of the contfactuxe-like type, even when the 
su s ance is applied in only threshold amounts. These findings 
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correspond to observations by Wachholder and Nothmann 
(1932) and Wachholder and Ledebur (1933) who found differ- 
ences in the reaction of summer- and winterbrogs to large doses 
of acetylcholine, which were added to the surrounding Ringer 
bath. In spite of the different reaction to acetylcholine, the 
mechanical response to electrical stimuli is identical. When 



Fig. 1. a) Winterfrogj 1 //g acetylcholine 

b) » 4 fig » 

c) Summerfrog 0.5 pg » 

Acetylcholine applied by close arterial injection. During the contraction respon^ 
ses produced by electrical stimulation. Note the reduction of these superimposed 
contractions in b and their enhancement in c. 


the muscle is periodically stimulated during the acetylcholine 
contraction the superimposed contractions ate depressed, as also 
found by Brown (1937). This is, however, only the case in winter- 
frogs. In summerfrogs the opposite is seen, the contractions pro- 
duced by electrical stimulation of the muscle being considerably 
enhanced on the top of the acetylcholine response (Fig. 1). 

Strength-duration curves: The effect of acetylcholine in the 
surrounding bath on the strength-duration curves of frog’s sar- 
torius muscle has previously been investigated by Blair (1938) 
and Kuffler (1946). Subthreshold concentrations were found to 
be without effect while amounts which produced contractions 
(6 //g/ml) resulted in an increase of chronaxie and a decrease of 
the rheobase. Intra-ar'tefial application of acetylcholine gives 
quite different results. After injection of 0.5 to 1 jxg acetylcholine 
the threshold increases by about 60 per cent. The increase is the 
same for all impulse durations investigated. (Fig. 2, curves I 
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Fig. 2. Strength-duration curves before and after close arterial injection of acetyl- 
choline in normal and denervated muscles of the same animal. 

I) Kormal ^^muscle'' (intramuscular nerves) before application of acetylcholine. 
II) Normal ^^muscle” intramuscular nerves) after application of 1.6 /^g acetyl- 
choline. 

III) Denervated muscle before application of acetylcholine. 

IV) Denervated muscle after application of 0.15 //g acetylcholine. 

Ordinate: Voltage in relative units. 

Abscissa; Time in ms. Both in logarithmic scale. 


and II.) When acetylcholine is injected into a denervated muscle, 
the decrease in excitability is considerably greater. (Fig. 2, curves 
III and IV.) With a stimulus duration oi 10 ms it amounts to 
100 per cent, increasing to 300 per cent above the value for 
the untreated denervated muscle with a stimulus duration of 
2 ms, and the threshold is 16 times above that of normal muscle. 
The amounts oi acetylcholine necessary to produce this effect are 
only 1/lOth of those which are needed in normal muscle. Similar 
changes in excitability and in the strength-duration curves occur 
in curarised muscle after large amounts of acetylcholine (10 — 
15 ^g). The curare-like effect of acetylcholine on repeated appli- 
cation is also more pronounced in the denervated than in the normal 
muscle. 
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2. Adenosine triplws'phate and its interaction with, acetylcholine. 
The amounts of intra-arterially applied ATP which are needed 
to elicit a contraction are independent of whether the muscle 
is curarised or denervated. In summerfrogs 1 acetylcholine 
corresponds approximately to 40—50 fig ATP, in winterfrogs 
sometimes larger amounts of ATP are necessary. In normal 
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Fig. 3. Close arterial injection of ATP in normal, curarised, denervated and cura- 
rised denervated muscle of the same animal. 

Note the enhancement of responses released by electrical stimulation during 
the ATP-contraction. 

a) Denervated muscle, 100 //g ATP, 

b) Curarised denervated muscle, 250 //g ATP. 

c) Normal muscle, 200 //g ATP. 

d) Curarised mxisclej 250 //g ATP. 

. Frequency of electrical stimulation 2lsec. 


muscle small twitches are superimposed on the response evoked 
by ATP. These correspond to the repetitive asynchronous activity 
which was observed after application of ATP to the isolated 
muscle fibre. Curafisation reduces the superimposed twitches and 
at the same time the duration of the ATP contraction is consider- 
ably diminished. In normal, curarised, denervated and curarised 
denervated muscle the electrically induced mechanical responses, 
which are superimposed on the ATP contraction, are enhanced 
in the ascending phase and on the top of contraction, while 
they are slightly depressed during relaxation (Fig. 3). 

Thus, the sensitizing effect of ATP I'S not specifically connected 
to the neuromuscular transmission, hut is a property of the muscular 
substance. It is, however, worth mentioning that the increased 
excitability to electrical stimulation is restricted to the actaal 
period of, contraction and that it is followed by a slight depression, 
while, the sensitizing effect for acetylcholine may persist for 
5 — 15 minutes. Apart from its sensitizing action on subsequent 
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Fig. 4. Winterfrog. The contractions produced by close arterial injections of acetyl- 
choline and ATP are superimposed by mechanical responses released through 

electrical stimulation. 

a) 6 /^g acetylcholine. 

b) 250 fig ATP. 

c) 5 fig acetylcholine. 

Note the change of the acetylcholine response after treatment with ATP, the 
contraction, apart from being much larger, is of a more twitch-like type after ATP . 
Distance between time marks 1 sec. 



Fig. 5. Donervated muscle. Contractions released by close arterial injection of 

acetylcholine and ATP. 

a) 0.3 fig acetylcholine. 

b) 300 //g ATP (strong fibrillation), 

c) 0.3 fig acetylcholine, ‘ 

Note the change of the acetylcholine response after treatment With ATP:’ the 
contraction becomes much larger and is of a shorter duration. 

Distance between time marks 1 sec. 

application of acetylcholine or electrical stimulationj ATP trans- 
orms the contracture-like contraction of long duration found in 
wnter rogs and in denervated muscles into a short tetanic response 
ig. an 5). Even in curarised muscle the acetylcholine con- 
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Fig. 6. Denervated muscle. 

a) intra-arterial ATP 300 «g. 

b) as a. 

I intra-arterial acetylcholine 0.1 «g. 

c) intra-arterial ATP 600 /ig. 

d) intramuscular ATP, 30 ^g. (Control with the same amount of Ringer had 
no effect.) 

ff intra-arterial acetylcholine 3 /(g. 

e) intramuscular ATP. 600 //g. 


tracture may be transformed into a contraction of short duration 
with increased amplitude. The strength-duration curves of normal 
and denervated muscle are unaffected or shghtly depressed after 
treatment of the muscle with ATP. 

The blocking action of acetylcholine to subsequent applica- 
tion of ATP observed in denervated mammalian muscle is also 
found by close arterial injection into frog’s muscle. Injection 
of 0.1 //g acetylcholine inhibits the release of contraction by even 
large amounts of ATP. In order to decide whether this block is 
locabsed to the interaction between myosin and ATP or is due 
to changes caused by acetylchohne elsewhere on the way from 
the artery to the muscle fibre thereby preventing contact be- 
tween ATP and muscle, we have injected ATP directly into a 
muscle which is insensitive to intra-arterially applied ATP 
(Fig. 6). This results in a strong response in the denervated muscle. 
Also in curarised normal muscle acetylcholine, inactive as such 
blocks the action of intra-arterially applied ATP, though the re- 
sponsiveness to electrical stimuli is retained. When ATP is injected 
directly into the muscle a strong contraction is released. Injection 
of Ringer solution in the same amount is without effect. In cu- 
rarised denervated muscle we find similar conditions. 

When the amount of acetylcholine is increased 10 — 30 times 
(1 — 3 /Ug) also intramuscular injection of ATP is without effect, 
thus indicating that the blocking action of large amounts of 
acetylcholine is localised in the muscular substance (Fig. 6). 
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This observation corresponds with the results obtained on isolated 
fibres from denervated muscles in which we find a considerable 
rise in threshold for ATP^ after previous application of 1—25 
fig acetylcholine while smaller amounts of acetylcholine are 
without effect. 


Discussion. 

The sensitizing action of ATP on subsequent application of 
acetylchohne is shown to be a property of the muscular sub- 
stance, since also the response to electrical stimuli even in cura- 
rised muscle is enhanced by ATP. There is, however, a consid- 
erable difference in the duration of the sensitizing effect, the 
threshold for acetylcholine being lowered for several minutes 
after the apphcation of ATP, while the electrically induced con- 
traction is increased only during the period of contraction. In 
terms of minute structure this sensitizing effect would mean an 
increased readiness of contractile elements in the fibres to receive 
stimulation quanta, resulting in an increased number of con- 
tracted elements per stimulus. It corresponds to the differences 
in tension produced by a single stimulus and by a tetanic sti- 
mulation, as the tension developed is determined by the number 
of stimulation quanta released in a given time (Buchthal and 
Kaiser 1944). 

The blocking action of acetylchohne on subsequent intra- 
arterial application of ATP in denervated and curarised muscle 
occurs in two stages according to the amounts of acetylchohne 
injected. The reason why small amounts of acetylchohne prevent 
ATP administered through the artery to produce a response 
in denervated and curarised muscle remains obscure (vascular 
permeability?). Further investigations will be necessary to de- 
cide whether this effect is due to the partial autonomic denerva- 
tion. In larger amounts acetylchohne also inhibits the release 
of contraction by intramuscularly applied ATP. As the electrical 
excitability is retained, acetylchohne in some way or other must 
be assumed to prevent a contact between ATP and the contractile 
elements in the muscle. 


aboliSd (Bvohthai et al. 1946) that acetylcholine 

since the -Dreaent pvt? “*■ denervated amphibian muscle has to be modified, 
rise in tlneshold block, hut a considerable 
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Fig. 7. Strength-duration curve before and after curarisation in normal and dener- 
vated muscle of the same animal. 

I) Normal '^muscle” (with intramuscular nerves). 

II) Normal ^'muscle” after curarisation. 

III) Denervated ^'muscle” before curarisation. 

IV) Denervated '^'muscIe” after curarisation. 

Ordinate: Voltage in relative units^ abscissa: Time in ms. Both in logarithmic 
scale. 


The same causes which are responsible for the missing effect 
of ATP after previous application of acetylcholine can possible 
explain a number of differences which have been found between 
the effects of chemical and electrical stimulation. It is necessary 
to bear in mind that both close arterial injection and direct 
application of acetylcholine to the endplate imply the passage 
through other interfaces than those involved in the physiological 
liberation of a possible chemical transmitter by electrical stima- 
lation. 

A comparison between strength-duration curves of curarised 
normal and curarised denervated muscle shows a considerable 
difference, the electrical excitability being much greater in the 
latter than in the former. Denervated and curarised denervated 
muscle have almost identical curves (Fig. 7). This is in agreement 
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with the results of Kufpler (1945) who fails to find any specific 
electrical excitability of the endplate region in frog muscle. On 
the other hand the difference in electrical excitability between 
denervated and curarised normal muscle and the increased ex- 
citability of the endplate in lizard muscle (Buchthal and Ltnd- 
HARD 1939) are hardly consistent with this interpretation. 


Sommary. 

1. Application of adenosine triphosphate (ATP) preceding the 
intra-arterial injection of acetylcholine increases the sensitivity of 
striated amphibian and mammalian muscle to acetylcholine. This 
sensitization is not specifically connected with the neuromuscular 
transmission, for there is also in curarised muscle an increase 
of the mechanical response produced by electrical stimulation 
after previous application of ATP. This increase is, however, 
restricted to the actual period of contraction. 

2. In denervated muscle intra-arterial injection of acetylcholine 
renders the muscle insensitive to subsequent application of ATP. 
When small amounts of acetylcholine are applied, the block is 
only present when ATP is administered through the artery, 
intramuscular application of this substance still being highly 
effective in the release of contraction. 

Larger amounts of acetylcholine also prevent intramuscularly 
applied ATP from being active. The electrical excitability 
remains unaltered. 

3. The threshold for intra-arterially injected acetylcholine was 
ound to be ten times higher in winterfrogs than in summer- 
frogs. In the former acetylcholine produces a contracture-like 
response. Previous application of ATP changes it to a contrac- 
tion of short duration. When twitches are produced by electrical 
stimulation during the acetylcholine response, they are enhanced 
in summerfrogs and reduced in height in winterfrogs. 

4. Intra-arterial injection of acetylcholine decreases the electrical 
excitability and changes the strength-duration curve of muscle 
for a considerable time after its application. The effect is especi- 
ally pronounced in denervated muscle. The electrical excitability 
of denervated muscle is considerably higher than that of cufa- 
rised muscle, while strength-duration curves of denervated muscle 
are unaffected by cufarisation. Previous application of ATP does 
not affect the strength-duration curve of a muscle. 
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Among many other important functions the kidneys also act 
as regulators of the acid-base equilibrium of the body by elimina- 
ting from the organism a varying quantity of ions. This comes 
about partly through the binding of more or less ions to the 
buffer systems in the urine, and partly through the production 
in the kidneys of varying amounts of NH 3 , which binds H'*' ions 
under the formation of NH 4 . 

By experiments with perfusion of single tubules in frog kidneys 
Montgomery and Pierce (1936) have shown that the perfusion 
liquid changes its pH from 7.5 to less than 6.7 when brought into 
contact with a distal part of the second order tubules. 

Walker (194:0) has found that the formation of ammonia takes 
place in the same part of the tubule. It is therefore a rather ob- 
vious idea that, besides the formation of ammonia, another pro- 
cess also occurs here, with the purpose of supplying H"*" ions to 
the ammonia as well as to the buffer systems of the urine. 

It must be remarked here that there are no reasons for assuming 
the existence of special processes in the tubular cells which make 
the urine alkaline during alkalosis. As mentioned in a previous 
paper (Ryberg 1948 b) there are indications that the cells of the 
tubules even during alkalosis produce an acid urine, which becomes 
alkaline only by transformation of HCO 7 to CO^ after the urine 
has left the tubules. There is therefore nothing to prevent that the 
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variations in the hydrogen ion concentration of the urine may 
well be regulated by a single process, which gives off H'*' ions to 
the tubular liquid. 

Pitts and Alexander (1945) have injected large amounts of 
phosphate into dogs during acidosis and shown “that the quantity 
of acid excreted in the urine may far exceed the quantity of acid 
filtered through the glomeruli. Therefore the urine must he aci- 
dified by some renal tubular mechanism which adds H'*' ions to 
the glomerular filtrate.” They consider it most likely that an 
exchange takes place between Na"*" ions in the tubular liquid and 
H'*' ions in the cells of the tubules. 

If the assumption is correct that hydrogen ions are exchanged 
with cations from the urine it is natural to think that the ammo- 
nium ions are transferred to the urine in a similar way. If this is 
the case it must be expected that a larger formation of ammonia 
gives rise to a larger reabsorption of positive ions; it is further to 
be expected that the excretion, of ammonium ions will depend 
upon whether positive ions are at disposal for the exchange, and at 
most this excretion can be equivalent to the total amount of cat- 
ions reaching the cells of the distal tubule per unit time. 

The main purpose of the present work has been to investigate 
whether it is possible by decreasing the excretion of cations in 
the urine during acidosis to bring about a decrease in the formation 
of ammonia and hydrogen ions. It was also considered important 
to investigate whether any particular cation plays a dominant 
role in this connection. 

. While the excretion of ammonia can be easily determined, 
it is not possible quantitatively to measure the amount of hydrogen 
ion delivered to the tubular fluid. The titratable acid of the urine 
will not equal this amount, since some of the hydrogen ions will 
have been spent in converting HCO 3 to CO 2 (cf. Pitts and Lot- 
SPEICH (1946) and Eyberg (1948 b). In the experiments pH in the 
urine has been taken as a rough indication of the intensity with 
which the acidifying processes work. 


Methods. 

Determination of ammonia in urine. The determinations were carried 
out by means of permutite according to a method already described 
in a previous paper (Ryberg 1948 a). This method has the advantage 
that the results are in no way influenced by the presence of the other 
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cations in the urine, a feature of particular importance in the present 

Determnation of sodium and potassium in urine. It turned out to he 
necessary to carry out an ashing pruuess on the urine, since in many 
cases we had to determine very small concentrations of sodium and 
correspondingly large samples of urine had to be used . ... r 

0,4 ml cone, sulphuric acid were added to a suitable quantity oi 
urine; in samples with low content of sodium up to 20 ml urine were 
used. The samples were carefully evaporated in quartz crucibles without, 
cover on a heating plate. The ashing was then carried out, with a hd 
placed over the crucibles, in an electric oven, 1 hour at 250°, 1 hour at 
350° and finally i hours at 600°. 

The ashes were dissolved by heating with 5 ml distilled water, and 
the phosphate was precipitated by addition of 0.2 g. CaO. The precipi- 
tate was removed by filtering into a 25 ml measuring flask and rinsing 
carefully five times with 3 ml water. The measuring flask was now filled 
up to the mark and the solution used for the determination of both 
sodium and potassium. 

For the determination of sodium 10 — 20 ml of the solution were 
evaporated in a Hagedorn tube, and the residue was dissolved in 1 ml 
water. Then at least 10 ml zinc uranyl acetate, prepared according to 
Barbee, and Kolthoef (1940), were added and the determination 
carried out as described by these authors. A blank "was always carried 
out. 

We have made no use of the alcoholic precipitation reagents. These 
reagents certainly reduce the solubility of sodium zinc uranyl acetate, 
but simultaneously the solubility of potassium is so strongly reduced 
that we get, at any rate when 50 per cent alcohol is used, an almost 
quantitative precipitation of potassium. 

With the precipitation reagent used by us 15 mg potassium (as 
potassium sulphate) could remain in the solution per 10 ml precipita- 
tion reagent. Since the concentration of potassium in all the urines 
with a low content of sodium has been below 2 mg per ml, we have, in 
order to avoid precipitation of potassium, always used 10 ml precipi- 
tation reagent corresponding to the salt content from 7 ml urine. 

We have determined the content of sodium in a highly concentrated 
urine of low sodium content with and without addition of sodium 
chloride. 6 samples of urine of 5 ml each, and 6 samples of the same 
urine of 5 ml each 1 ml sodium chloride solution (containing 4. CO mg 
sodium per ml) were all analysed. The added amount of sodium was 
determined to 4.47, 4.53, 4.39, 4.59, 4.55 and 4.49 mg sodium. Hence 
w ^ occurred during the determination, presum- 

ably due to the ashing process. By direct precipitation from a sodium 
chloride solution no loss occurred. 

The same series of determinations was carried out with the addition 
o . 2 mg sodium, and for the added amount of sodium we obtained 
the values 0.90, 0.87, 0.89, 0.90, 0.88 and 0.93 mg. 

to tS is much to be regretted, but compared 

ns in sodium content observed in the course of the pres- 
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ent investigation tte error is very small. Moreover, it looks as if the 
loss, expressed in per cent, does not become appreciably higher at low 
sodium coucentrations. 

Determination of potassium. Potassium was precipitated in the form 
of potassium sodium cobalti nitrite according to the method of Piper 
(1940). Since the^ potassium content of our samples was never above 
1 mg it was sufficient to use only 1/5 of the amounts of the precipitation 
reagents prescribed by this author. The precipitate was washed five 
times with 3 ml of a saturated aqueous solution of potassium sodium 
cobalti nitrite. 

After washing the precipitate was oxidized with 10 ml O .02 n ceric 
sulphate, as was suggested by Rappaport (1933). Ceric sulphate has 
the advantage, in contrast to permanganate, that it is not reduced 
spontaneously by heating. 

The excess ceric sulphate was titrated with a O .02 n solution of am- 
monium ferrosulphate with phenanthrolin as indicator. 

The potassium content of the samples was calculated from the for- 
mula 

mg K = f X (ml ceric sulphate consumed by the oxidation — blank). 

In 10 determinations on 0.356, 0.593, 0.830 and 1.185 mg potassium 
the factor f was determined to respectively 0.0645 ^ 4.2 %, 0.0646 i 
2.9 %, 0.0657 ± 3.1 % and 0.0663 ± 2.0 %. 

By using the average value f O.O653 and by keeping the potassium 
content in the samples between 0.35 and I .2 mg, the error thereby 
introduced into the determinations was at most 1.5 per cent. 

Determination of calcium in urine. This was carried out by precipi- 
tating the calcium in 5 or 10 ml urine by means of oxalate and titrating 
with ceric sulphate as described by Larson and Gbeenbeeg (1938). 

Determination of magnesium in urine. This was carried out on the 
filtrate from the precipitation of calcium by precipitating magnesium 
by means of oxy quinoline and weighing the precipitate as described 
by Berg (1926). Since we were working with precipitates weighing as 
little as 8 mg the error in this determination is rather large. By deter- 
minations of magnesium in a magnesium calcium solution with a con- 
tent of magnesium corresponding to a precipitate of magnesium quino- 
late of 8 mg, the error was as large as 10 per cent. 

Determination of pH in urine. The hydrogen ion concentration was 
measured by means of a glass electrode at 20° ib 2 . Since the samples 
were highly concentrated and the pH did not exceed 5. 75 no precautions 
were taken to prevent the diffusion of carbon dioxide. 

Experimental Conditions. 

The experimental subjects were young men about 20 years of age. 
By ingestion of ammonium chloride the subjects were kept in acidosis 
for periods of about 14 days, aiming at a total C02-concentration in 
serum of ca. 18 milliequivalents. 

As was mentioned in a previous paper the formation of ammonia 
in the beginning of such an acidosis is small, but increases gradually 
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and leaches its maximum value in tte course of ca. 4. days (Kybebg 

^^Sp^enments were therefore carried out both iu the 

at the end of the acidosis in order to be able to compare the conditio 

both when the formation of ammonia is small and ynen^ is ^aige. 

S^om 19.00 the evening before an experiment and until the exp i- 
ment terminated at ca. 17.oo the following day the subject got neither 
food nor water in any form. This was done in order to obtain small 
values of the diuresis and the salt excretion on the day of the experi- 
ment. No ammonium chloride was ingested during this period,^ since 
experiments showed that then a further reduction in the excretion oi 
water and salts was obtained. _ i, i. • -u 

It must be assumed that when the diuresis is very small the urine has 
its maximum concentration of salts, and a further reduction of the 
diuresis will then entail a reduction in the amount of positive ions which 
per unit time reaches the distal part of the tubule. It was therefore 
considered possible, by the technique just described, to produce such a 
deficiency in positive ions in the tubular liquid that this would entail 
a decrease in hydrogen ion concentration and in the formation of am- 
monia, granted the correctness of the assumption that NH'J and 
are exchanged with cations from the urine. 

Samples of urine were collected every 1.5 hour in the course of the 
day of the experiment and pH, diuresis per hour and the excretion 
of Na+, K"*", Mg'’”^ and Ca"*"*" were determined. In some experiments 
a quantity of water, containing either NaCl or HCl, was ingested, in 
order to investigate the effect of offering the cells of the tubuli a new 
ample supply of cations. Since the diuresis then increased these samples 
could be collected every 45. minute. 


Results. 

Table 1 gives the results from 3 days during the same period 
of acidosis. ^ 

It will be seen that in all the experiments the total concentra 
ion of positive ions is remarkably constant, and it is difficul 
0 explain this constancy otherwise than by assuming that th( 

mne imdef fte ooaditions of these experiments, has reached ih 
maximum concentration of ions. 

1)> the for 

W^day the formafco”t^“‘ ™ ™ ™ 

Ihe concentatlonV”’™™ depends strongly on the diure 

320 millimoles nei liter * does not exocei 

per htei, and rrhen this value is reached the forma 
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Table 1. 

Exp. Sub}. PK. 


|Day during acidosi 

Total concurrent 
time in min. 

Diuresis per hour 
in ml 

pH in urine 
at 20° ± 2° 

NHg in millimoles 
per liter urine 

Ka in millimoles 
per liter urine 

K in millimoles 
per liter urine 

Ca in millimoles 
ner liter urine 

Mg in millimoles 
ner liter urine 

Total amount of 
positive ions in 
millimoles per liter 
urine 

NHa-excretion in 
millimoles per hour 

IsTa-exoretion in 
millimoles per hour 

K-excretion in 
millimoles per hour 



0— 90 

30 

5.12 

191 

75 

83 

12.2 

6.1 

367 

5.75 

2.25 

2.49 



90—180 

22 

5.26 

231 

54 

71 

10.3 

5.9 

372 

5.08 

1.18 

1.56 



180—270 

19 

5.33 

248 

43 

66 

9.6 

5.7 

372 

4.72 

0.81 

1.2G 



270-^60 

16.5 

5.40 

300 

16.9 

41 

12.2 

8.5 

379 

4.95 

0.28 

0.67 

2 


360—450 

18 

5.39 

265 

24.4 

36 

14.4 

10.3 

350 

4.76 

0.44 

0.65 




Subject drinks 300 ml of 4 % 

of NaCl Solution 





510—555 

40.5 

4.81 

132 

143 

49 

12.9 

7.9 

345 

5.35 

5.8 

1.96 


555—600 

42 

4.75 

126 

147 

52 

lO.o 

4.1 

339 

5.28 

6.2 

2.19 



0— 90 

30 

5.49 

284 

20.3 

49 

8.1 

5.7 

367 

8.5 

0.61 

1.47 



90—180 

22 

5.66 

323 

3.0 

52 

8.2 

5.5 

392 

7.1 

0 066 

1.14 


180—270 

22.5 

5.67 

322 

3.8 

41 

9.3 

5.7 

382 

6.6 

0.086 

0.92 


270—360 

20 

5.67 

320 

4.1 

47 

8.4 

5.2 

385 

6.4 

0 081 

0.94 

6 

360—450 

18 

5.63 

324 

4.6 

37 

10.9 

5.3 

382 

5.8 

0.083 

0.66 




Subject drinks 300 ml of 2 % KCl Solution 





510—555 

74.5 

5.00 

124 

71 1 

1591 

6.1 

2.8| 

363 

9.2 1 

5.3 

11.9 


555—600 

58.5 

5.01 

153 

54 

144 

7.4 

3.8 

362 

9.0 

3.1 

8.4 



0— 90 

31 

5.43 

278 , 

25.4 

34 

19.6 

5.3 

362 

8.6 

0.78 

1.05 



90—180 

25.5 

6.50 

309 

10.7 

32 

23.4 

8,9 

384 

7.9 

0.27 

0.81 


180—270 

20.5 

5.71 

315 

3.8 1 

28 

19.2| 

6.1 

372 

6.5 

0.O78 

0.57 


270—360 

19 

5.74 

313 

3.11 

27 20.6 

7.1 

371 

5.0 0.059 

0.51 

10 

360—450 

20 1 

5.74 

311 1 

3.0 1 

32 1 15.8 

5 . 3 ) 

367 

3.2 1 0.060 

0.63 




Subject drinks 300 ml of 4 % NaCl Solution 




510—555 

43.5 

5.05 

210 

79 

45 1 

1.3 

4.5 

360 £ 

1.1 5 

.5 1 

1.98 


555—600 

46 

5.03 

194 

82 

51 1 

0.5 

3.9 

341 £ 

1.0 a 

.8 1 

2.35) 


tion of ammonia per hour decreases proportionally with, the 
diuresis. 

On days with a large formation of ammonia the excreted 
amount of sodiuni decreases to about 1/10, while the diuresis is 
reduced only to about 2/3. It is a very striking fact that the 
excretion of sodium is reduced to less than 1/10 millimoles per 
hour , and the concentration of sodium to ca. 4 millimoles per liter. 

The excretion of potassium is also considerably reduced, but 
the concentration in the urine never reaches such a low level as 
is the case with sodium. 

The concentration of calcium and magnesium does not seem to 
depend much on the diuresis, while the excretion per hour conse- 
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quently on the whole must remain proportional to the diuresis. 
However, the variations in the excretion of these substances are 
so large, that we can only infer that magnesium and calcium do 
not show the same behaviour as sodium. 

On the 10. day the subject received at the end of the experi- 
ment 300 ml of a 4 per cent NaCl solution per os. The formation 
of ammonia per hour thereby increased to values which were 
higher than those found at the beginning of the experiment. 

On the 6. day the subject received 300 ml of a 2 per cent 
so ution of KCl, and the effect on the ammom'a formation was 
prmcipally the same as after ingestion of NaCl. Bunge (1873) 
has demonstrated that the ingestion of potassium entails an in- 
leased excretion not only of potassium but also of sodium, and 
m the expenment under consideration we observed a very large 

that NHtinraMfmS toX T?? *« indicate 

sodium ions. Granted this Isunltim 
m sodium excretion and +hp \ ^ reduction 

-ion of ammoI";tt e»WdT 

had been reached where almost ^ assurrung that a point 

ing the drsta, tub* ™ “a«« 

However, one mitrU oic ■ • ammonia, 

reacts to a corresponding wateiaStll-^^^ orgamsm always 

reabsorption of sodium; the redncSlt ,1 f 

mem ot the 2. day. The'confit''^ of the experi 

f tie 6. and the lo. ^h 7 7 to lose 

«mmo“ i is n“““d wf 7 

fcformatio'n7NHi”‘ T “ 

Wl. 2 itT™ ”» wfHe 

SCif ^'oinitir-nts carried out ou 

'’>d'«ifflentli 7 ““ tiieatis t 

“retain table 1. oWteristid of 
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Table 2. 
Exp. Sub] S.J. 


|Day during acidosisj] 

Total concurrent 
time in min. 


Diuresis per hour 
in ml 

O o 

P< c8 

NH3 in millimoles 
per liter urine 

Na in millimoles 
per liter urine 

K in millimoles 
per liter urine 

Ca in millimoles 
per liter urine 

Mg in millimoles 
per liter urine 

Total amount of 
positive ions in 
millimoles per liter 
urine 

NHa-excretion in 
millimoles per hour 

Na-excretion in 
millimoles per hour 

K-excretion in 
millimoles per hour 



0— 

90 

40 

4.98 

133 

78 

125 

14.0 

6.5 

357 

5.3 

3.12 

5.0 



80—180 

34.5 

4.98 

156 

84 

102 

13.3 

5.5 

361 

5.4 

2.91 

3.5 

2 


180—270 

32 

5.04 

150 

63 

107 

15.1 

7.0 

342 

4.8 

2.02 

3.4 



270—360 

26 

S.D5 

187 

61 

85 

12.7 

6.2 

351 

4.9 

1.60 

2.22 



360—450 

24.5 

5.11 

189 

66 

89 

13.1 

4.8 

362 

4.6 

1.62 

2.18 



0— 

90 

26.5 

5.74 

319 

5.3 

21.2 

12.0 

5.0 

363 

8.5 

0.140 

0.56 



90—180 

29 

5.50 

281 

21.0 

27.6 

12.4 

4.8 

347 

8.2 

0.61 

0.80 


180—270 

34.5 

5.36 

245 

77 

31.0 

14.2 

6.2 

373 

8.5 

2.65 

1.07 

5 

270—360 

31.5 

5.44 

252 

61 

34.3 

9.3 

3.4 

360 

7.9 

1.91 

1.08 


360—450 

26 

5.50 

273 

26.1 

37.5 

10.3 

5.2 

352 

7.1 

0.68 

0.98 


450—540 

19.5 

5.71 

322 

3.7 

34.7 

8.9 

4.6 

374 

6.3 

0.072 

0.68 


540—630 

19 

5.75 

317 

3.3 

27.1 

11,7 

6.0 

365 

6.0 

0.063 

0.52 



0— 

90 

36 

5.57 

262 

6.9 

36 

12.3 

5.4 

323 

9.4 

0.25 

1.29 



90—180 

33 

5.43 

260 

46.2 

24 

lO.G 

3.8 

345 

8.6 

1.52 

0.80 


180—270 

30 

5.53 

283 

12.5 

21 

13.5 

5.7 

336 

8.5 

0.37 

0.64 


270—360 

32.5 

5.36 

263 

58 

33 

11.5 

4.7 

370 

8.5 

1.90 

1.07 


360^50 

35.5 

5.24 

248 

74 

33 

9.5 

4.1 

369 

8,8 

2.61 

1.16 

10 

450—540 

22 

5.61 

314 

15.0 

19 

11,4 

3.9 

363 

6.9 

0.33 

0.43 


540-~630( 17.5 1 

5.73 

333 

3.7 1 

19 1 

12.3 

4.6 

372 

5.8 1 

0.0G5 

0.33 





Subject drinks 400 

ml of 4 % NaCl Solution 




690—7351 

43.5 

5.08 1 

214 1 

75 1 

44 1 

10.6( 

5.5 ( 

349 1 

9.3 1 

3.2 1 

1.90 


736— 780| 

44.5 

5.03 1 

211 1 

78 1 

47 1 

9.81 

4.6 1 

350 1 

9.4 1. 

3.5 ( 

2.07 


As to the excretion of it will be seen that the hydrogen ion 
concentration varies with the content of sodium in the urine. 
In the experiments where sodium or potassium is administered a 
considerable decrease in pH is seen in spite of the fact that the 
diuresis increases. There is, however, a certain difference in the 
behaviour of NHJ and H'^. On the 2. day in table 1, where the 
excretion of NHJ is not large and there is accordingly no consider- 
able sodium deficiency, pH nevertheless decreases to very low 
values when Na'*‘ is ingested. This seems to indicate that while 
the excretion of ammonia is most sensitive to variations in the 
sodium content when this is very low, pH will depend on the Na"*"- 
excretion. over a wider range of concentration. 

The experiments on the 5. and 10. day, table 2, point in the 
same direction. Here the various changes in the content of sodium 
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during the beginning of the experiments are accompanied by- 
corresponding variations in pH while the excretion of NHt does 
not seem to be influenced by the changes. 

Discussion. 

The experiments show that pH of the -urine and the excretion 
of ammonia depend on the amount of cation reaching the distal 
tubules per unit time. It is most natural to explain this by assuming 
that H"^ and NH 4 are excreted by exchange with cations from the 
tubular fluid, which is tantamount to saying that the anions 
formed together with H'*' and NHt iii the cells are not excreted 
in the urine. 

The experiments further show, however, that Na"^ occupies 
a privileged position among the positive ions of the tubular fluid. 
It is true that an ingestion of potassium during a cation deficiency 
in the urine can bring about an increase in the formation of am- 
monia, just like an ingestion of sodium, but there is nevertheless 
the decisive difference between the two metals that the concentra- 
tion of potassium never sinks to very low values, while on the 
contrary the exchange process seems to require practically all the 
sodium present when a deficiency in cations exists. 

In this connection it must be remembered that the process not 
only consists in an exchange of NH 4 and H"*" -with cations from the 
urine. The next step must consist in the transfer of these cations 
to the interstitial fluid. 

It is now possible that the sodium ion owes its pri-vileged posi- 
tion to the circumstance that Na'*' is transported actively to the 
interstitial fluid. 

An active transport of sodium has been assumed by Hrogh 
(1946) to take place in muscle cells and Conway, FitzGerald and 
Macdougald (1946) have been able to demonstrate directly an 
active extrusion of Na"*", sensitive to cyanide poisoning, from the 
cells of the distal part of the frog’s tubules in -vitro. 

According to Pitts and Alexander (1945) the source of the 
hydrogen ions delivered to the tubular fluid is carbon dioxide 
formed in the cells or diffused into them from the blood. Their 
reasons for this assumption is that H.COa is the only acid avail- 
a e in sufficient quantities and that the formation of acid in 

err ex^iiments turned out to be sensitive to sulfanilamide, 
w 1C inhibits the effect of carbonic anhydrase. They did not 
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succeed in blocking tbe formation of acid completely, and it is 
impossible to tell to what degree the excretion of H+ has been 
paralysed in their experiments, as some of the hydrogen ions may 
have been spent in transforming HCO 7 in the tubular hquid to 
CO 2 , which has then diffused back to the organism. Even the pH 
of about .7.3 in the urine obtained in two experiments where the 
acidosis was not too heavy, is by no means conclusive evidence 
that no hydrogen ions have been delivered to the urine (cf. Pitts 
and Lotspeich (1946) and Eyberg (1948)). 

It is impossible to know if the deficient inhibition in the experi- 
ments is due to the sulfanilamide not completely preventing the 
transformation of CO 2 to H 2 CO 3 or if other acids, for instance 
lactic acid, are taking part in the formation of hydrogen ions too. 

If it be true that the sources of the hydrogen ions are acids 
formed in the cells, the neutrality regulation can only be effective 
if the anions corresponding to the acids are transferred to the 
organism and take up hydrogen ions during their combustion 
or — when the question is of HCO 7 — during ventilation in the 
lungs. 

rit has been mentioned that in all probability an active transport 
of Na'*' takes place from the cells to the interstitial fluid. This 
process will give rise to a potential difference, which will not only 
favour the transport of anions from the cell to the interstitial fluid 
but also tend to block the passage of and NHJ in this direction. 
If the anions of the urine are able to invade the cells, their further 
passage to the blood will also be accelerated by the active trans- 
port of NaJ and will eventually be able to take place against a 
concentration gradient. Finally a tendency will be created for 
K"*" and H'*' to migrate from the interstitial fluid to the cell. If a 
transport of K"*" may in fact take place through the cells from 
blood to urine cannot be known, but it cannot be considered 
quite improbable, as Liang (1929) has been able to show that K’*’ 
can diffuse in this direction through the cells of the frog’s tubule. 
Under the conditions of my experiments the concentration of 
potassium was always much larger in urine than in plasma. 

Without knowing both the concentration of the ions and their 
relative velocity of diffusion through the different parts of the 
cell it is impossible to get a theoretically founded conception 
when it comes to the question about which of the mentioned 
possible transports of ions are the predominant ones. The matter 
will be further complicated if other active processes apart from the 
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transport of Na'^ are taking place, wkicli seems quite probable. 
It can be stated, however, that the rate of permeability between 
the different ions may well make it possible to excrete H’*' and 
NH'*' through the luminal membrane against a concentration gra- 
dient, even if no active processes are assumed to take place here. 

If the concentration of potassium is very high in the urine, 
may diffuse through the cells against the potential difference. 
In that case it may be unnecessary to transport the usual amount 
of Na"*" to the interstitial fluid, partly because K"*" may be exchanged 
with H+ and NHt just like Na-^, and partly because the part of 
the transport of sodium can be saved, which has previously cor- 
responded to the flow of potassium from interstitial fluid to 
tubular bquid. The experiments show that ingestion of potassium 
will in fact be accompanied by a larger excretion of sodium, but 
of course this can also be explained by assuming that more sodium 
will under these circumstances reach the distal tubules. 

It will be seen that if our general concept of the processes 
involved in the neutrality regulation is correct, i. e. that H'*' and 
NHJ are exchanged with cations from the urine while the corres- 
ponding anions migrate to the interstitial fluid together with these 
cations, then an active transport of the sodium ion may be essen- 
tial to the removal of H'*', NH J and their anions from the cell and 
consequently to the rate of formation of these ions. 

Summary. 

The aim of the present work has been to investigate whether 
the urinary excretion of NHJ and H’*' takes place by an exchange 
with positive ions from the urine. 

pH in the urine and the excretion of NH 4 were investigated 
under conditions, where the amount of positive ions reaching the 
distal part of the tubules was reduced. The following results were 
found; 

1 . At high values of the excretion of NHJ, a cation deficiency 
resulted in a decrease in this quantity. 

^ 2. Simultaneously a very large reduction in the urinary excre- 
tion of Na"^ and a more moderate decrease in the excretion of the 
other cations were found. 

3. ^e pronounced reduction in the urinary excretion of Na'*' 

was a sent in the beginning of an acidosis, when the formation of 
ammoma was small. 
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4. The hydrogen ion concentration of the urine varied with the 
content of Na"^ over a considerable range of concentration. When 
Na'*' or were ingested, pH decreased in spite of the increasing 
diuresis. 

The experiments support the idea that NH 4 and H+ are excreted 
by exchange with cations from the tubular fluid. It is emphasized 
that the privileged position apparently occupied by the sodium 
ion is not necessarily associated with the exchange process itself 
but may be due to an active transport of this ion from the tubular 
cells to the interstitial fluid. 

The possible effects of an active transport of sodium on the 
migration of other ions are discussed. 

I am indebted to P. Carl Petersens Fond for financial support 
of this work. 
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Among drugs, used in the therapy oi angina pectoris and hyper- 
tension, amyl nitrite, glyceryl trinitrate, erythritol tetranitrate 
and mannitol hexanitrate were studied pharmacologically and 
clinically already 50 years ago, e. g. by Bradbury in 1895 and 
by Marshall in 1897. 

The search after vasodilating drugs was actualized during the 
last decade. Krantz and coworkers investigated the effect of a 
series of alkyl nitrites and nitrates (Krantz, Carr, Korman and 
Ellis 1938 a, b). Among other compounds they synthetized seven 
hexitol anhydrides and their nitrates (Krantz, Carr, Forman 
and Ellis, 1939 a), i. a. mannide and sorbide dinitrate. The phar- 
macology of mannide dinitrate was more closely studied in ani- 
mals, especially the effect on coronary circulation and on blood 
pressure in dog, and some experiments were performed on healthy 
subjects and in hypertensive cases (Krantz, Carr, Forman and 
Ellis 1939 b). The compound was suggested to be useful in the 
treatment of hypertension and angina pectoris, but so far no 
report on its clinical use has appeared. 

As to the mechanism of action of nitrites and nitrates, Krantz 
and coworkers attribute an increase in depressor response to a 
lesser degree oi water solubility and to a corresponding greater 
degree of oil solubility (Krantz, Carr and Forman 1939 c), and 
12 — Acta phys . Scandinav . Vol . 15 . 
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made probable that tbe action of organic nitrates was dependent 
upon tbe unbydrolyzed molecule (Krantz, Carr, Forman and 
Cone 1940). Kath and Krantz (1942 a) worked out a method for 
tbe quantitative determination of nitrite in blood in different 
species and were able to show that intravenous or oral administra- 
tion of organic nitrates in dogs did not increase tbe blood-nitrite 
content (1942 b). Finally Eath and Krantz (1942 c) demon- 
strated that sodium nitrite reduced tbe arterial blood pressure of 
unanestbetized hypertensive rats. 

Other compounds, too, have been studied. Bjerlov (1943) 
reported the effect of pentaerytbritol-tetranitrate in 10 cases of 
hypertension and in 26 cases of angina pectoris. Flodmark and 
Wramner (1943) made a study of tbe effect of mannitol hexani- 
trate in 19 healthy subjects and in 9 cases of hypertension. These 
compounds have been clinically used. 

None of these preparations seemed, however, to equal the effect 
of erythritol tetranitrate, and the problem of an equivalent was 
still open. 

Eegarding one isomere of mannide dinitrate, viz. sorbide di- 
nitrate, so far only some preliminary experiments showing its 
depressant action on the healthy dog’s blood pressure were per- 
formed by Krantz and co workers (Krantz, Carr, Forman 
and Ellis 1939 b), but no other studies were made. It was there- 
fore thought worthwhile to examine sorbide dinitrate more closely. 

The aim of this work is to study the effect of sorbide din itrate 
(SDN) on toxicity, blood pressure, respiration, coronary circula- 
tion and isolated gut in animals in comparison to mannide di- 
nitrate (MDN) and to establish its action in man in hypertensive 
subjects. 


A. Physico-Chemical Properties. 

Sorbide dinitrate (SDN), C6Hg02(0N02)2, mol. w. 236.1, is a 
white, crystalline compound, stable in air, melting point 70° 0, 
optical rotation (a) 20° -f 134° (c = 1.0 in alcohol)! solubility 
in water 1 — 2 ; 1,000, freely soluble in alcohol and ether, and in 
arachis oil to about 50—100 : 1,000 at 50° C. Mannide dinitrate 
(MDN), see Forman, Carr and Krantz (1941)b 

1 I am indebted to Karnbolaget, Stockholm, for synthetizing 'the compounds 
and placing larger amounts of SDN (Harfical) and MDN at my disposal. 
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B. Toxicity. 

1 . Oral Administration. 

Single dose: A number of •wbite mice, weight 10 — 25'g, were 
fed with a single dose of 1.5 — ^10 mg/g SDN and MDN resp., the 
drug being mixed with the food. 

1 — 2 mg/g brought about only a slight reaction: the animals 
lost their spontaneous activity and sat, their back curved. 

3 — 5 mg/g caused ataxia, excitation with running movements, 
the Straubtail-phenomenon, the hair standing out from the body, 
eventually convulsions and loss of righting reflexes. Some animals 
succumbed on this dose, others on 5 — 10 mg/g. 

Repealed doses: 

1) SDN: 3 — 4 mg/g per day fed for 2 days led to convulsions; 
2 mg/g/day for 3 days had no lethal effects, whereas 3 — 6 mg/g/ 
day for 3 days were fatal. 

2) MDN: 6 mg/g fed for two days led to convulsions. 2 mg/g/ 
day fed for three days had no lethal effect, whereas the animals 
succumbed on 3—6 mg/day fed for three days. 

2. Subcutaneous Administration. 

A. "White Mice. 

Due to the slight solubility in water, the substances SDN and MDN 
solved in arachis oil to 10 % concentration and kept at 50° 0, 
having a higher solubility, and only slowly crystallizing at room 

cmperature, MDN crystallizing rather rapidly when kept at room 

cniperature. The acute toxicity rvas established in two series of experi- 
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mcnts, one with high doses, causing 100 % mortality, for establishin. 
median time to convulsion and median time to death I), and a ecoSd 
series with doses, giving a vaying response, for itominatiorof 
median convulsive dose and median lethal doses (II). 


Series I. Time-Response. 

SDN: 0.033 ml and 0.050 ml per g mouse were injected sub- 
cutaneously of a 10 % solution; MDN: 0.033 ml/g subcutaneously 
concentration 10 %, 15 mice being used for each dosage and each 
compound. 



Fig. 1. Time to Appearance of Convulsions. 

A. Percentage, plotted against time in minutes. 

B. Probits, plotted against log time in minutes. 

0 — 0 0.035 mg/g SDN 

3 - 0 0.050 mg/g SDN 
• — • 0.033 mg/g MDN 


The number of animals, showing the same time to convulsion 
was transformed to percent of the total number of animals, these 
percentages added, and plotted against time in minutes (fig. 1 A). 
The median convulsion time (CTgo) is the intersection of the time- 
response curve and 50 % response. 

A picture of the relation between dosage and time and the 
different compounds, more apt for quantitative work, is given in 
fig, 1 B. The percentage of animals, showing the same time, were 
added, the added percentage transformed to probits (Bliss 
1938), and the probit values plotted against log time in minutes. 
The curves now became approximately rectihnear, which implies 
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the log times to be approximately normally distributed. The 
median time v?-as graphically computed from the intersection^ of 
the straight log time-response line and probit 6 corresponding 

to the 50 % value. . j v 

In the same way the median time to death was determined by 
plotting the added percentages transformed to probits against 
log time. The median lethal times (LTso) and their standard devi- 
ations are given in table 1. 


Table 1. 

Time to Convulsion (CTso) and to Death (LTso) in Mice. 



Sorbide dinitrate 
(SDN) 

Mannide 

dinitrate 

(MDN) 

Dose: ‘ • 

0.033 

3.3 

0.050 

5.0 

0.033 

,3.3 

Median Time (CT-o) 

I. Time to con 

8.1 min 

39 % 

(3.1 min) 
15 

vnlsion (CTjo)- 

4.4 min 

48 % 

( 2,1 min) 
15 

16.2 min 

32 7o 
(5.1 min) 

15 

SfariH. dev. (O') 

Number of animals 


Median Time (CTgj) 

11 . Time to 

103 min 

53 % 

(54 min) 

15 

Death (LT 53 ). 

81 min 

41 % 

(33 min) 

15 

182 min 

66 % 

(102 min) 

15 

Stand, dev. (o) 

Number of animals 

1 


It is seen from the table that the effect of SDN, when given in 
the same dose as MDN, occurs in half the time of MDN; likewise 
an increase in dosage brings about a shortening of the times. 

The slopes (b) of the curves are nearly parallel to each other, 
and the difference between compunds and doses is merely a shift 
to the left or right. The slopes of these curves are the inverse value 

of the standard deviation (a) (<t = and the standard deviations 

b 

(a) are thus of the same magnitude. 

This is quite natural for two doses of one and the same sub- 
stance, the standard deviation a being a characteristic of the 
^mpound and the animals used for assay. Thus two different 
OSes of one and the same compounds administered on the same 
stoc of animals, 'will giye ■tbe same standard deviation. On the 
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other hand, the approximate agreement of the standard deviations 
of the two compounds SDN and MDN is an expression of the 
close relationship between the two isomeres, also in their biological 
action. ° 


Series II, Dose-Response. 

ctS® ^ by ^^gbt in arachis oil of 

bDN and MDN resp. were injected into groups of 10—16 white mice 
weighing 9—18 g. ’ 

SDN: 0.4, O.G, 1.0, 1.5 and 3.3 mg/g; and of MDN: 0.7, l.o, l.s, 2.25 
and 3.3 mg/g. The percentage of animals within each group having con- 
vulsions and succumbing resp. was noted and plotted against dose in 
mg/g in figure 2 A. The record shows the tj-pical dose-response curve 
for the lethal doses. 



Fig. 2. Lethal Dose in JMice. 

A. Percentage plotted against dose. 

B, Prohjts plotted against log dose. 

0-0 SDN 10 % 
m - 0 MDN 10 % 

In figure 2 B the percentages are transformed to probits (Bliss 
1938), and plotted against log dose. This gives a rectilinear curve 
for both compounds, which implies log doses to be normally 
distributed. The parallel course of the curves implies the same 
standard deviation, which, as stressed before, is one expi’es- 
sion of the close relationship between the two substances, not only 
chemically but also biologically. The lethal doses (LDso) were 
established from the curves. In the same way the convulsive dose 
(CDbo) causing 50 % response, was established from similar curves 
for the percentage of animals, reacting with convulsions (table 2). 

It is likely that in white mice SDN has a slightly larger toxicity 
and a somewhat stronger convulsive action than MDN. 
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Table 3. 


Convulsion (CDso) and Lethal Doses (LDso) in Mice. 



Sorbido dinitrato 
SDN 

^lannido dinitrato 
MDN 

Honviilsinn Dose: CD^q 

0.24 g/kg 

60 % 

65 

1 

0.78 g/kg 

82 % 

65 

Rhflnrl. dev. (ff) 

NtunbfiT of animals 

i 

Lethal Dose: LDm 

0.84 g/kg 

47 % 

65 

1 

1.12 g/kg 

46 % 

65 

Stand, dev. (o’) 

Number of animals 


b. Rats. 

Experiments were also performed on vrhite rats, weighing 150 — 
270 g. 3—5 groups of animals were injected with a 10 % solution in 
arachis oil of SDE and hlDN resp., 52 animals in all. 

SDN: 0.5, 0.8 and l.-i mg/g. MDN: 0.5, 0.8, 1,2 and l.o mg/g. 

The animals succumbing died within 6 — 8 hours and showed no 
definite excitation, only a few showing convulsions before exitus; 
loss of righting reflexes occurred only late in the sequence of 
symptoms. Death was due to respiratory and cardiac paralysis, 
LD^o being 0.77 g/kg for SDN and 0.74 g/kg for MDN, thus no 
difference. 


3. Histological Examination. 

Some twenty animals were examined histologically. One part of the 
ammals were fed orally with 2~A mg/day of SDN, resp. MDN. for 3 
Jys and then sacrificed. Another part was given 0.7 and 1 mg subcu- 
taneousty in 10 /o solution in one dose of each compound and sacrificed 
after 3 days. A third part of animals served as controls. No pathological 

spleen, kidney or suprarenal 
glands m either of the groups.^ j 


C. Effect on Blood Pressure and Be.spirntion. 

and respiration was tested in rabbits 
of 20 °/ trachpB b a ^ mtravenously in a concentratioi 

blood ire“ xecmlT? oannulated and the arteria 

a bodyplethysmoS "" T recorded by means o 

P — y graph, according to Euler and Liljestrand (1936) 

for examination of'the'^sUdes?’ Dept- of Histology, Caroline Insl 
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Fig. 3. Effect of SDN and MDN on Blood Pressure in Rabbit. 

1. 0.10 mg SDN/kg in 0.1 % solution (in 20 % alcohol). Fall: 22 mm Hg 

2. 0.15 mg MDN/kg » » » » » » » » Fall: 22 mm Hg 

3. 0.15 mg SDN /kg » » » i> » » » » Fall: 25 mm Bg 

Time: 10 seconds. 

In a first series tlie effect on blood pressure of SDN was compared to 
tbat of MDN, both compounds dissolved in 20 % alcohol as a O.i % 
solution, and about O.i-^.i mg/kg being injected. 

In a second series SDN and MDN were given, dissolved in physio- 
logical saline, and the effect was observed on blood pressure and 
respiration. 

Both compounds brought about a fall in blood pressure; injec- 
.tion of 0.2 — 0.5 mg/kg of SDN gave a fall of 25 — 35 mm Hg, 
corresponding to 30 — 50 % of the prevailing blood pressure level, 
the effect lasting about 10 — '12 minutes. With MDN the same 
doses produced a slighter effect, corresponding to a drop of 20 — 28 
mm Hg and lasting about 9 — 11 minutes. The dose of MDN had 
to be increased by 30 — 50 % in order to produce the same response 
as a given dose of SDN. A typical record is shuwn in figure 3. 

Larger doses, 2.5 — 5 mg/kg, caused a proportionately larger fall 
in blood pressure. Injections of still high doses, 5 — 10 mg/kg, 
caused a stop of respiration and a fatal fall in blood pressure. There 
seems thus to be a large range, about 10 — 40 times, from “thera- 
peutic” to toxic doses. 

A typical record of the change in blood pressure and in respi- 
ration after injection of SDN is given in figure 4. 

It can be concluded that SDN and MDN both have a depressant 
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Eig. 4. Effect of SDN on Eespiration and DIood Pressure in Rabbit, 
Injection of 0.15 mg SDN/kg in 0.1 % solution (in saline). 

Blood Pressure (middle curve); Maximal fall: 34 mm Hg — 47 % of basal level. 
Duration; 12 min. 

Bespiration (upper curve): Increase in rate +8.8 %, in depth +20 %, in ven* 
tilation +30 %. 

Time: 10 seconds. 


action on blood pressure of a rather long duration, SDN is more 
active than MDN, the dose of DIDN having to be increased by 
30—50 % in order to give the same response as that of SDN. 


D. Perfusion of the Isolnted Heart. 

A number of experiments were performed in order to study the action 
of SDN on the coronary circulation, in relation to that of MDN. 

Method: A Langendorff preparation of the isolated rabbits heart 
was used, perfused with a O. 0075 — O .0125 % solution of SDN and MDN 
resp. using Tyrode solution as control. The solutions were kept in 
bottles with Mariottes tubes, aerated with 5 % CO. -j- 95 % 0. and 
warmed to 37^ C; the perfusion pressure ivas kept constant at 80 — 100 cm 
of water. The experiments started with perfusion of Tj'rode solution 
for 5 — 10 minutes. Then the perfusion was switched over to SDN or 
MDN resp. for 5 minutes, then Tyrode again and so continuing per- 
fusing the heart with Tyrode and test solution alternately. In this way 
it was possible in one and tbe same test to compare a compound with 
the effect of Tyrode, and the influence of the continuous decrease in 
vitality of the heart was eliminated. 

The amount of fluid perfused per min. was taken as a quantitative 
measure of the coronary circulation. The amount was measured sepa- 
ra e y lor each minute during the last 2 or 3 minutes of each period. 
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Fig. 6. Perfusion of Isolated Heart (Langendorff Preparation): A. SDN, B. MDIiT. 

A. 1. 0.0125 % SDN" in saline. 2. Tyrode. 3. 0.0125 % SDN. 

B. 1. Tjrrode Flow: 6.5 ml/min. Time from start: 35 min 


0.0125 % MDN » 9 

Tyrode » 6 

0.0125 % MDN » 8 

Tyrode » 5 

0.0125 % MDN » 8.5 

X X = Washing. 

Time: 10 seconds. 


42 

69 

68 

84 

97 


the mean of these 1-minute flows being used as the ultimate value 
and expressed in per cent of the arithmetical average of the preceeding 
and the following control. In some experiments the heart could be kept 
going for 3 — 4 hours, allowing about 30 — 40 periods of flow' to be re- 
corded and measured. 

The beats of the ventricles, in some experiments of the auricles too, 
were recorded on a kymograph. 


A typical record is given in figure 5 A, showing the increase in 
the magnitude of the beats, due to SDN perfusion. In fig. 5 B 
MDN was perfused, and the record shows the increase of flow, 
after MDN, in spite of the continuous diminishment of the beats, 
due to decrease of viability of the heart. 

A number of experiments were performed with varying con- 
centrations of SDN and MDN, 0.0075—0.0200 %, 123 tests on 
10 hearts with SDN, 64 tests on 8 hearts with MDN, and 37 tests 
with both compounds in 3 hearts. The result was that SDN had 
a threshold concentration of 0.0075 % on an average against 
0.0100 — 0.0125 % for MDN; the threshold concentration brought 
about an increase in flow of 30—40 %, and higher concentrations 
a higher increase in flow. 

It can thus be concluded that SDN and MDN have a specific 
action on the isolated, perfused Langendorff heart, invariably 
giving an increase in coronary flow, when perfused in a con- 
centration over a certain threshold, SDN having a lower threshold 
concentration, and a somewhat higher activity. 
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mm Hg ^ mmHq 



6- Effect of SDN on Hypertension in Jlan. 

A. Blind test, no medication. 

B. Blind test, placebo given. 

C. 20 mg SDN. 

D. 2 X 20 mg SDN. (IS = SDN.) 


E. Isolated Gut. 

ileu^^ experiments were made on the isolated rabbit’s 

The effect was a transient or definite decrease of tone and 

f differing quantitatively, 
S an effect in lower dose than MDN, 


Action ill Man. 


jecta.» 24 Hypertensive snb- 

and in all 7^ experiments™ subjects 

performed. The average systolic blood 

ti». .t the ‘MioalVe “■ “ “at 
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pressure was 210 mm (165-265 mm Hg). All subjects bad been con- 
fmed to bed for 2 3 weeks before the test, during wbicb time tbeir 
blood pressure bad become constant; tbe subjects bad been fasting 
before tbe experiment, were kept in bed during tbe whole experiment 
and were not allowed to eat for tbe first 5 — 6 hours. AH experiments 
were started in tbe morning at approximately tbe same time. SDN 
was given orally as tablets of 10 mg in a dose of 2 ( — 4) tablets. Its 
effect was compared to tbat of a placebo or blind tablet of tbe same 
shape and containing the same constituents but without SDN. In 

4 experiments no tablets at all were administered. Each subject was 
submitted to at least 2 tests, one with tbe placebo, and one with tbe 
SDN tablets. Tbe experiment started mtb measuring tbe blood pres- 
sure auscultatory every 15 minutes, 3 — 5 times. When a constant 
level was reached a tablet was given, neither tbe test subject, nor tbe 
clinician knowing if a placebo or tbe SDN tablet was given. The blood 
pressure at the moment of indulging the tablets was denoted as basal 
value. Tbe blood pressure was followed every 15 min. for 3 — 5 brs, and 
then at longer intervals for up to 18 — ^24 brs, if possible till tbe blood 
pressure bad returned to tbe basal level. 

In all 24 placebo tests, 4 blind tests, and 44 SDN tests were carried 
out on tbe 24 subjects. 

The placebo tablet had no effect whatever on blood pressure in 
the blind tests, the average change in pressure being — 0.8 mm 
Hg, with variations from a lowering of 30 mm Hg to an increase 
of the same amount. This is a confirmation of tbe constant 
level of the blood pressure in tbe patients examined and an 
expression of tbe non-suggestibility of these subjects. 

Tbe SDN-tablets, as a rule 20 mg being given, gave an average 
fall in blood pressure of 32.4 mm Hg, corresponding to 15.5 % 
of the average basal blood pressure. 

A typical experiment is illustrated in figure 6 A — D. 

In 6 A the blood pressure during a day with no medication (A) 
is shown to display a slight fall of maximally 10 mm Hg. In B 
a blind tablet was given, the blood pressure during this experi- 
ment increasing by 20 mm Hg. In C a single dose of 2 tablets SDN 
a 10 mg was administered, causing a fall of 40 mm Hg, lasting for 

5 hours. In D a second dose was given after 5 hours and still had 
a good effect. 

Only one subject out of 24 (3.8 %) did not respond to SDN with 
a fall: his blood pressure showed no change in 2 experiments on 
two different days. As the blind test in this subject showed a 
slight increase during the day, no change with SDN might ac- 
tually mean a shght decrease from tbe control experiment. 

A survey of the results is given in table 3. 


Average 


VariationB 




Basal Blood Pressure (S^tolic)/ n=44/ 
Maximal Change in Blind Test (Pla- 
cebo) * 

^Maximal Change after 20 mg SDN 

(n = 44) 

Maximal Change after 20 mg SDN 

(n = 44) 

Number of Subjects Reacting Tvith 

Fall in Blood Pressure 

Number of Tests 'with Fall in Pressure 
Onset of Depressant Action (n = 44) 
Time til ^Maximal Effect (n = 44) . . . 

Duration of Effect (n = 31) 

Headache: Number of Subjects 

j> Tests 


210.7 mm Hg 

lGO-270 mm Hg 

— O.S mm Hg 

-30 — [-30mm Hg 

— 32.4 mm Hg 

0— -70 mm Hg 

- 15.5 % 

0 - -36.S % 

23/24 (96 %) 
42/44 (96 %) 

10 min 

75 min 

4.2 hours 

10/24 (42 %y 
18/44 (41 %) 

3—20 min 

5—200 min 

1—24 hours 


1 Two of the subjects also got headache on administration of blind tablets. 


Among symptoms noted tlie headache is the principal one, 
occurring in about 41 % of the cases. The headache seemed to he 
typical for some subjects, where it appeared also in a second test. 
Two subjects had headache in the blind test. The headache can be 
looked upon as an inherent part of nitrite or nitrate medication, 
as it occurs with all of compounds, belonging to this series. The 
headache responded well to ordinary analgetics (acetyl-salicylic 
acid, combined with codein). After medication had been main- 
tained for a certain time the headache vanished as a rule. A means 
of eliminating the headache was to begin the treatment with 
subliminal doses, 2^2 — 5 mg, and so gradually to increase tbe 
dose till the full effect on blood pressure was obtained. 

SDN has further been tested in a series of cases of angina pec- 
toris and claudicatio inter mittens.^ So far it can be said that SDN 
proved to be. of value in cases of hypertension, angina pectoris 
and claudicatio inter mittens. 

In a preliminary report PoBJ^: (1947) stated that a 1 % oint- 
ment of SDN rubbed into the skin, corresponding to a total amount 
of 20 mg, g ave a long-lasting and considerable fall in blood pres- 


A report of these cases -will appear in an appropriate journal. 

”9^?*'“’ S»eei.l.focl.t, of i„ dcf. -49 
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sure in hypertensive cases. Headache occurred only in some few 
instances, and seemed to occur in those subjects only where the 
effect on blood pressure was slight or none. No effect on the 
pulse frequency was seen. 


G. Discussion. 

The experiments reported establish that SDN and MDN ac- 
tually lower the blood pressure, increase the coronary circulation 
and diminish the tone and the amplitude of the gut. SDN has 
invariably a somewhat stronger action than MDN. 

SDN and MDN seem to belong to a group of compounds, where 
there is a large range from the “therapeutic” to the toxic dose. 
The effect on blood pressure was caused by 0. 1 — 6 mg/kg as com- 
pared to the oral and subcutaneous lethal dose, established in 
white mice and rat, being 2 g/kg, resp. 0.8 — 1.1 g/kg. The actual 
oral doses used in man were 10 — 20 ( — 40) mg/70 kg =0.14—- 

0.30 ( — 0.57) mg/kg. 

When comparing the effects of SDN in hypertensive cases 
(table 3) with those reported by other workers for other com- 
pounds (surveys by Goodman and Gilman 1941 or Tlodmark 
and Wramner 1943), it seems that SDN so far ranks among the 
most active of the long-acting nitrites and nitrates hitherto used 
for the treatment of hypertension or angina pectoris with regard 
to dose, time to onset of action, magnitude of fall in blood pres- 
sure and duration of effect. 

Summary. 

The effect of sorbide dinitrate (SDN) has been examined in 
animals and man and compared to mannide dinitrate (hlDN). 

L Experiments in Animals. 

1. The oral and subcutaneous toxicity in white mice and rats 
is comparatively low, 0.8— 1.1 g/kg, being slightly larger for SDN 
than for MDN in mice but equal in rats. 

2. Both compounds lower blood pressure in rabbits in doses of 

0.1 6 mg/kg, SDN being more active than MDN and having a 

slightly larger duration. 

3. Both compounds increase the flow through the isolated heart 
(Langendorff preparation), SDN having a lower threshold con- 
centration (0.0075 %) and a larger effect than MDN. 
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II. Experiments in Man. 

4. SDN tested on 24 hypertensive cases in a dose of 20 — (40) 
mg lowers the systolic blood pressure by 32.4 mm Hg on an aver- 
age with a duration of 1 — ^24 hours, SDN caused headache in 41 

of the experiments provided that it was not given in a subliminal 
dose, 2 V 2 — 5 mg, and the dose gradually increased, or as a 1 % 
ointment in a total dose of 20 mg SDN, when no headache oc- 
curred. 

5. Based oh results on patients SDN is suggested to be used 
therapeutically in cases of hypertension, angina pectoris and 
claudicatio intermittens and to rank among the most active of 
the long-acting compounds of this group. 


References. 


Bjerlov, H., Svenska Lakartidu. 1943. ^0. 694. 

Bliss, G. I., Quart. J. Pharm. Pharmacol. 1938. 11. 192. 

Bradbury, J. B., The Lancet, 1895. 2. 1205. 

V. Euler, D. S., and G. Lil.testrand, Skand. Arch. Phvsiol., 1936. 
71. 101. 


Flodmark, S., and T. Wramner, Svenska Lakartidn., 1943. iO. 3057. 
Formah, S. E., C. j. Carr and J. C. Krantz Jr, J. Amer. Pharm. Ass.^ 
1941. 30. 1.32. 


Goldberg, L., and I. G. Poeje, Nord. Med. 1946. 29. 190. 

Goodman, L., and A. Gilman, “Pharmacological Basis of Therapeutics”, 
New York 1941. 

Krantz Jr, j. C., C. J. Carr and S. E. Forman, J. Pharmacol., 
1938 a. 61. 29. 

Krantz Jr, J. 0., C. J. Carr and S. E. Forman, J. Pharmacol., 
1938 h. 61. 304. 


Krantz Jr, J. C., C. J. Carr, S. E. Forman and F. W. Ellis, J. 
Pharmacol., 1939 a. 67. 187. 


Krantz Jr, J. C., C. J, Carr, S. E. Forman and F. W. Ellis, J. 
Pharmacol., 1939 b. 67. 191. 

Krantz Jr, J. C., C. J. Carr and S. E. Forman, Proc. Soc. Exp. 
Biol. Med., 1939 c. 12. 427. 

Krantz Jr, J. C., C. J. Carr, S. E. Forman and N. Cone, J 
Pharmacol., 1940. 70. 323. 


Mars^ll, C. K., j. Physiol., 1897. 22. 1. 

PoRjE, I. G., Svenska Lakartidn., 1947. 11. nr 16. 

Bath, M., and J. C. Krantz Jr, J. Pharmacol., 1942 a. 76. 27. 
pt™ m’ t S’ ^®^ntz Jr, j. Pharmacol. 1942 b. 76. 33. 

50 Med., 1942 c. 



From the Department, of Pharmacology of Karolinska Institulet and 
the Department of Dermatology, St. Goran’s Hospital, Stockholm. 


On the flistaminolytic Activity of 
Skin Extracts. 

By 

TRYGVE GRANROTH and AKE NILZEN. 
Received 10 December 1947. 


In 1929, Best had succeeded in showing animal tissues to 
contain a substance capable of in vitro inactivating histamine. 
Best and Me Henry (1930) in a more comprehensive paper 
stated that the new substance was of the nature of an enzyme 
and proposed for it the designation, histaminase. 

In several animals the presence of histaminase has been 
demonstrated experimentally in various organs. Best and 
McHenry (1930) noted a particularly powerful histaminolytic ac- 
tivity in the Iddney and intestine of the dog, whereas McHenry 
and Gavin (1932) obtained negative results when working with 
the kidneys of guinea-pigs and rats respectively. At similar results 
arrived Rose, Karady, and Browne (1940). As regards the oc- 
currence of the enzyme within the human systemj its presence 
was demonstrated principally in the kidney, adrenal body, and 
liver. 

The results hitherto on record reveal that an enzyme with 
lytic action on beta-imidazolylethyl-amine is present in organs 
of various animal species, but that the amount of this substance 
is subject to large variations from one species to the other. 

The question, then arises of whether histaminase is capable of 
acting not only under the ideal conditions obtaining in vitro but 
within the living system. There is some evidence tending to show 
this to be true, though definite proof is still lacking. Anyhow, 
from the theoretical point of view the question is of' considerable 
interest. As was demonstrated by Ahlmark (1944), as soon as 
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pregnancy has commenced the histaminolytic action o£ human 
plasma will rise from a. very low, scarcely measurable rate to 
thousandfold. Ahlmark, as is known, has utilized this phenomenon 
in a quantitative test, by which it is rendered possible early to 
diagnose pregnancy and follow its further development with a 
view to prognosis. 

Recently the question of a possible histaminolytic action of the 
skin has been actualized, viz. when Nilz:6n (19^7) in a study 
on the cutaneous histamine observed a considerable decrease 
in the histamine content of the sMn on mechanical stimulation of 
normal skin and in certain cutaneous disorders arising on an 
allergic base. He suggested that this decrease might partly be due to 
a histaminase-histamine reaction. When surveying the literature 
available we found only a single paper dealing with histaminase 
in the skin (Best and McHenry, 1930). These workers, however, 
had been unable to demonstrate a histaminolytic action of extracts 
prepared from dog skin. Hence, we thought it of interest to 
investigate the behaviour, in the above respect, of the skins of 
various animals and human subjects. 


Our Own Experiments, 


Procedure. — A skin specimen is weighed, divided into small pieces, 
and ground in a mortar with quartz sand and normal saline added. 
The homogeneous mixture is diluted with normal saline to 25 (50) ml, 
25 (50) y histamme dihydrochloride and 2 — 3 drops of toluene being 
added. This preparation is kept in a water hath at 37° C. for 2i lionxs. 
After centrifugmg the histamine content of the precipitate is estimated 
directly with surviving isolated guinea-pig small intestine. In parallel 
e^eriments the mixture is boiled in the water bath for 10 minutes 
prior to being stored in the water bath at 37° C, for 24: hours. Further, 
in each experiment the histamine content of the skin is estimated 
with the Baesottm-Gaddum technique (1935) as modified by Code 
(1937). 


The experiments were performed with material from guinea-pigs, 
rabbits, cats, and human subjects. As a rule, the skin specimens were 
taken from the abdomen. 


' Table I that guinea-pig skin exerts an appre- 

ciable histamine-destroying action. 

' ^ by Table II, rabbit and human skin has an appre- 

cia e istaminase effect, which is however inconspicuous or absent 
an cat skin. 

IS— 480444. Actaphys.Scandinav. Vol.lS. 
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Table I. 


Guinea-Pig 

No. 

Weight of 
Specimen 
g 

Histamine 
//g. skin 

Weight of 
Specimen 
g 

Histamine 

Added 

y 

Histamine 
Destroyed 
y/g. skin 

1 

o 

0.3060 

8.0 

0.6849 

25 

ll.l 

Z 

o 

0.5445 

4.5 

1 1.0487 j 

25 

12.5 

O 

0.3045 

8.9 

0.7290 

25 

' 20.7 

4 

0.6121 

9.6 

0.7696 

25 

17.7^ 

5 . ! 

0.2000 

10.6 

0.2965 

25 

21.12 




0.5757 

25 

16.1 




0.9255 

25 

13.5 


Table n. 


j Rabbit 

ig'o. 

Weight of 
Specimen 
g 

Histamine 
//g. skin 

Weight of 
Specimen 
g 

Histamine 

Added 

7 

Histamine 
Destroyed 
7 /g. skin 

1 

0.1900 

10.5 

0.6442 

50 

19.7 

2 : 

0.2370 

14.7 

0.5226 

25 

30.2 

Cat No. 1 






1 

0.3900 

31.3 

0.5688 

50 

0.5 

2 

0.3090 

21.7 

0.5990 

25 

, 

5.8 

Human Subject 

No. 


j 

I 

j 

j 


1 

0.6498 

8.5 

0.9892 

25 

16.9 

2 

0.6074 1 

7.7 

0.6918 1 

25 

25.3 


The control experiments in winch the histaminase was destroyed 
by boiling the skin extracts after addition of histamine but prior 
to placing them in the water bath, yielded consistently negative 
results (i. e. no inactivation of histamine). In a couple of parallel 
experiments concurrent with the direct estimation with guinea-pig 
intestine, the specimens were extracted in toto according to Code. 
Also here conspicuous destruction was noted of the histamine. 

In order to check the results of our investigation pertaining 
to the presence of histaminase in skin extracts, in some' cases 
we have applied the same procedure to organs in which hista- 
minase had already been demonstrated. In these experiments we 
used guinea-pig kidney, cat liver, and cat lung. The results are 
given in Table III. 

* This rate was obtained after total extraction of the preparation according 
to Code. 

* This and the two following rates relate to different specimens taken trom 
one and the same animal. 




ON THE HISTAMINOLYTIO ACTIVITr OP fiKiN IXTRAOTS. I9l 
Table HI. 


■ 

Weight 

g 

Histamine 

Content 

y/g- 

Weight 

8 

Histamine 

Added 

y 

Histamine 
Destroyed 
y/g* Ti^e 

Guinea-Pig Kidney 

Cat Liver 

Cat Lung 

1.4116 

2.0565 

0.4500 

6.8 

6.75 

40.0 

Table IT 

1.5947 

2.7345 

1.0916 

« 

26 

60 

60 

16.6 

27.2 

4.8 

Guinea-Pigs JSTos. 7—13 

Rabbits » 3—4 

Cats 9 3 — 4 

Histamine y/g. skin 

3.03; 13.2; 20.0; 8.92; 8.58; 6,39; 16.6 

11.56; 9.45 

29.14; 39.7 ) 


In an additional seiies of animals the histamine content was 
estimated of the skin. The results tally well with the data given 
by TAREAS-WAHiiBERa (1937) for the cat and rabbit,' and by 
Emmelin (1945) for the guinea-pig (Table Vf). 

Discussion. 

From Ackerman’s (1910) and subsequent, particularly Aker- 
blom’s (1934), investigations the fact had emerged that certain 
bacteria are capable of converting histidine- into histamine. In 
the first place, this action was noted in strains comprised in the 
Salmonella group. An inverted reaction, viz, hist'aminolytic 
action of certain bacteria, is also known (Wekle, 1941; Bucherer 
and Enders, 1942; Ahlmark,. 1944). In order to eliminate the 
disturbing influence of bacteria- possibly present, toluene was 
used in the present investigation. This proved efficacious, as we, 
were able to demonstrate by sterility tests in a number of instances,- 
no growth being pbserved on agar and/or blood agar plates. 

Provided a histaminase-histamine reaction does actually take 
place in vivo, the results presented above should be taken to 
iustify the supposition that a reaction of this type is also possible 
in the skin. As was already pointed out, NiLzfiN (1947) has de- 
monstrated a decrease in cutaneous histamine in skin areas affected 
by urticaria. However, from the observations made by Horton 
et al. (1932r) it should be inferred that this decrease in histamine 
is not due exclusively to histaminolysis; when subjects with 
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urticaria provoked by cold are exposed to tbe latter, there is 
in addition to local and systemic symptoms a marked rise to be 
noted in tbe gastric production of bydrocbloric acid. This ex- 
perience indicates that tbe bistamine liberated in tbe skin is not 
entirely inactivated but that a proportion enters tbe circulatory 
system. Likewise it might be pointed out in this coimection 
that apparently tbe bistamine reaction in vivo proceeds compa- 
ratively slowly, viz, as opposed to e. g, tbe inactivation of acetyl- 
choline by the corresponding esterase. 

Sammary. 

In tbe study recorded tbe present writers have demonstrated 
a bistaminolytio action of extracts prepared from tbe skins of 
guinea-pigs, rabbits, cats, and human subjects. 
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Studies on the Influence of Exercise on the 
Serum Iron In Man. 

By 

GTJNNAR BISROK, 

Received 17 December 1947. 


During some work with haemoproteins and their clinical utilisa- 
tion the author was interested in a statement by vannotti 
(1939, 1942, 1946) that the serum iron content decreases after 
heavy muscular effort, VANNOin concludes that the muscular 
effort is followed by an enrichment of iron in the muscles j&rom 
the circulating iron in the serum. If this observation were correct 
it would be of considerable interest for the study of the iron 
metabobsm. It was therefore of importance to check the results. 

In order to draw conclusions regarding the effect of heavy 
muscular work on the serum iron it is necessary to take into con- 
sideration the spontaneous changes in the serum iron level, which 
occur during the day (WAHiiQUiST 1940). The effect of an effort 
of several hours duration may be masked behind the general de- 
crease of the serum iron level during the whole day. This decrease 
has been found to amount to 36.3 i 9.2 y % (Wahlqdist 1940). 
In the present investigation the acute effort lasted as regards the 
men for about one hour and as regards the women for about two 
hours. Serum iron determinations were made immediately before 
and after work. A new determination was made after another 
our of complete rest. In order to increase the reliability of the 
determinations and also to get an idea of the error of the method 
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double determinations were carried out in all cases. There was 
also a study of the haemoglobin, red blood cell count and sedi- 
mentation rate in every case. The changes in reticulocytosis and 
haematocrite were followed as well as the serum iron. All deter- 
minations were carried out by the nurse in charge of the partic- 
ular division of the CKnical Laboratory, Owing to the great 
extra burden thrown on the personnel by this investigation, a 
limit had to be put on the number of cases studied. It is obvious 
from the statistical treatment of the material that a far greater 
number of cases should have been studied in order to permit valid 
conclusions, as the standard deviation is rather big. 


Method. 

6 young healthy men (19 — 29 years old) and 7 healthy young Women 
(19-^3 years old) without signs or symptoms of disease Were studied 
before and after severe exercise and after .another hour of complete 
rest. The exercise Was for the meA, who all belonged to an athletic 
union (»frisksportare»); gymnastics, putting of heavy Weights, running 
in Nylin’s staircase at a rate of 50/208, bicycling against heavy re- 
sistance and so forth until a state of almost total exhaustion Was reached. 
For- the women a somewhat less strenuous exercise Was chosen, viz. 
Walking rapidly outdoors for about two hours. 

A corresponding number of men (26 — 51 years old) and Women 
(17 — 57 years old) Were chosen from patients with either no disease 
or some circulatory disease in a well compensated state. Exactly the 
same serum iron and other determinations Were performed on these 
patients at intervals, corresponding to those in the above-mentioned 
group, the patients being up and around but doing no exercise for one 
and two hours respectively and then resting for another hour. The 
Studies Were in most cases performed between noon and 18.00. No food 
Was taken 3 hours before the tests or during the study. 

The following tests Were performed: 

1, Before exercise: 

Haemoglobin, duplicate, determined as acid haematin (100 % = 15 
g Hb/100 CCS blood). 

Red blood cell count. 

Sedimentation rate. 

Serum iron determination acc. Agner (1947), duplicate. 

Haematocrite, duplicate. 

Eetictdocyte count. 

2, After exercise: 

.Serum iron determination, duplicate. 

Haematocrite, duplicate. 

Reticulocyte count. 
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3. After rest: 

Serum iron determination, duplicate. 

Haematocrite, duplicate. 

Eeticulocyte count. 

A description of tlie serum iron method is given by Agner (1947). 

Results. 

73 duplicate determinations were performed and 4 single ones. 
The standard deviation (o) of the differences between duplicate 
determinations was found to be i 4:. 5 y. 3 cr therefore is i 13.5 y. 
The standard error of a single determination according to the 
G d 

formula ± ±3.2 y. If the total number of duplicate 

determinations was divided in three groups, viz. below 90 y, 
between 90—180 y and above 180y/ccs serum, the standard 
error of single determinations was correspondingly ±1.1 y, 
± 5.3 y and ± 2.4 y. Provided 5 determinations outside ± 3 o, 
which are regarded as unreliable, were excluded, the figure ± 5.3 y 
is reduced to ± 2.6 y and the standard error of a single determina- 
tion on the total material to ±1.9 y. 

The results with regard to the differences in serum iron content 
(mean values from duplicates) before and after work and after 
rest in the different groups is seen in table I. As there was no 
significant difference between the determinations in men and 
women it has been considered justified to compare the complete 
groups of men and women doing exercise with the groups doing 
no exercise. There was no significant change in the haematocrites 

Table I. 


Difference in serum iron content before and after exercise and after rest, expressed 
as % of the value before exercise. 



1 ) 

After exercise 

After rest 

. 

After rest 

Before 

exercise 

After 

exercise 

Before 

exercise 

Groups^ doiDg exercise (6 males, 7 
fenules in 1), 0 males, 6 females 
in 2) ocli 3). 

Difference (%) . . 

- 1.1 ± 2.9 
dr 10.5 

- 4.8 ± 2.5 
dr 9.0 

1 + 3.4 ± 3.5 

1 ± 12.2 

— 3.2 i 1*9 
i 6.8 

+ 3.3 ± 4.8 

1 db 16.6 

— 7.8 ± 3.0 
dilO.8 

St, deviation ... i 

Groups, not doing exercise (6 males, 
7 females) 

Difference (%) , 

St. deviation . , 
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in either group during the whole experiment, nor was there any 
correlation between the direction of change in the haematocrite 
and in the serum iron. As the serum iron is by definition calculated 
as y iron per 100 ccs. serum it is not necessary to make individual 
corrections for haematocrite values. If, however, the exercise 
is accompanied by a selective loss of iron-free or iron-poor fluid 
from the blood to the tissues, affecting the blood composition so 
as to increase the haematocrite (Nylin 1947) by some percent 
this may appear as a relative increase in serum iron content. 
According to Nylin’s (1947) studies there is little reason to be- 
lieve in an increased output of red cells during exercise. 

In spite of the severe effort, especially in the male group, the 
increase in reticulocytosis was moderate, and in the women even 
absent. Details are seen in table II. 


Table II. 

Average number of retioulocybes (“/oo) before and after exercise and after rest. 
(No statistical analysis made on acooimt of the small numbers.) 



Comments. 

The values of the differences in serum iron content in table I 
are given as % change of serum content. The initial values for 
serum iron varied widely (from 49 y to 279 y per 100 ccs. serum). 
Calculation of differences in absolute values have been made, 
but show a greater standard deviation than the figures presented 
in table I. The direction of the change was mainly the same. It 
is seen, that no difference in the whole material is significant. 
The actual figures however show, that in the non-exercising group 
there is a gradual decrease in serum iron content between the three 
determinations. Although this is true to a much lesser extent for 
the exercising group during exercise, there is an increase of the 
serum iron content during the hour of rest to such an extent 
that at the end of the experiment there is a total increase of serum 
iron content. 
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Conclusions. 

Severe exercise for one — ^fcwo hours did not affect significantly 
the serum iron content. The limited material at hand (26 cases) 
showed so great variations even under standard conditions that 
the results cannot be regarded as statistically significant. There 
was, however, no proof that exercise brings about a decrease 
of serum iron content; the actual figures point to the opposite. 

Summary. 

An attempt was made by duplicate determinations of serum 
iron in 13 cases (6 males, 7 females), who did severe exercise, and 
another 13 controls (6 males, 7 females), who did no exercise, to 
investigate the fate of serum iron during and after exercise. Owing 
to great individual variations in both directions and a correspond- 
ingly great standard deviation no significant changes were ob- 
served, neither in the groups, nor between them. 
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Interaction of Ergotamine and Carbon Dioxide 
on Blood Pressure and Bespiration. 

By 

Ake liljestrand. 

Received 23 December 1947, 


In the narcotized cat large doses of ergotamine give adrenaline 
reversal or reversed effect of stimulating the splanchnic. But 
smaller doses which do not diminish the response to adrenaline, 
nevertheless interfere greatlj with the regulation of the hlood 
pressure. Thus Heymans and BEGJirrEES (1929) and Weight 
(1930) found that 0.1 — 0.25 mg per kilogram bodjweight abohshed 
vasomotor reflexes from the carotid sinus in the dog and cat. 
On the other hand Weight showed that 0.1 — 0.15 mg per Hlo 
in the cat was insufficient to depress the effect of injected adrena- 
line or otherwise block the peripheral vasomotor mechanism. 
After it had been established that the pressor effect from the 
sinus region also could be ehcited by chemical stimuh, Euler 
and ScHMiTERLow (1944), made a closer study of the effect of 
ergotamine at this point of action. They found that small doses 
selectively abolished the pressor effect ehcited by decreased 
pressure in the sinus, i. e. arising principally from the barorecep- 
tors, whereas the effects on blood pressure and respiration produced 
by such chemical stimuh as hypoxia, cyanides or nicotine re- 
mained. 

While asphyxia or the administration of carbon dioxide rich 
mixtures to the narcotized cat give only insignificant changes of 
blood pressure, Ganter (1926) showed that the result of these 
procedures after small doses of ergotamine was a distinct drop 
of blood pressure. Recently Gernandt and Zotterman (1946) 
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recorded tlie efferent impulses in tiie splanchnic nerve in cats 
wHch had been treated with 0.05—0.1 mg ergotamme per kilo- 
gram. Although the blood pressure reaction to the inhalation of 
carbon dioxide rich mixtures ox to asphyxia was changed after 
ergotamine injection into a fall of blood pressure, they found 
that the splanchnic efferent outflow was not influenced by the 
ergotamine, an increase of impulses being obtained in both cases 
quite as before the injection. The drop of blood pressme accom- 
panying asphyxia was shown principally to be due to .the carbon 
dioxide accumulation. Discussing their results Geknandt and 
ZoTTERMAN Concluded that the increased splanchnic efferent 
outflow after ergotamine and carbon dioxide probably contributed 
to the vasodilatation through liberation of sympathin I. A. further 
study of this problem seemed indicated. 


IHLethods. 

Oats Were narcotized with 0 . 05 — O.og g chloralose per kilogram 
bodyWeight. The blood pressure Was recorded With mercury mano- 
meter usually from the femoral artery but in some cases from the 
narotid artery. When the blood pressure alone Was recorded artificial 
respiration With a Starling pump Was generally used. Carbon dioxide 
Was given in oxygen or in air from bags. No important difference in 
the blood pressure reaction Was seen between natural or artificial 
respiration. When the major splanchnics Were prepared this Was done 
from the back of the abdomen. In these cases usually one of them Was 
severed before beginning the experiment. Nor the investigation of 
effects on the respiration quantitative measurements Were made with 
the body pletysmograph described by Euler and Liljestrand (1936). 
The gas mixtures Were then administered through the inspiratory 
Muller valve. Nerve stimulation Was carried out With faradic current. 
The ergotamine used Was the preparation Gynergen Sandoz (ergotamine 
tartrate) and it Was always given intravenously. 


Results. 

The administration of 7 or 15 per cent carbon dioxide usually 
only gave insignificant changes of blood pressure. After 0.01 — 
0.2 mg ergotamine tartrate per kilo the stronger carbon dioxide 
concentration caused a pronounced fall of blood pressure. If a 
a ^ already occurred before the ergotamine administxa- 
lon, t e ^ug increased this fall. The smaller carbon dioxide 
ncen ration usually gave a drop of blood pressure tbougb less 
ononnce . The fall after carbon dioxide administration was 
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a b 0 d e 

Fig. 1. Cat 4 kg. Left splanchnic cut. Artificial respiration. 0.4 mg ergotamine 
tartrate. Between a and b inhalation of 7 % COj in Oj. The blood pressure falls 
from 164 to 132 mm Hg. At c the right splanchnic is severed. This is followed at 
d by inhalation again of 7 % CO 2 . The blood pressure now falls from 180 to 124 mm. 


sometimes equally large when the gas mixture was given during 
the phase of greatly increased blood pressure in the minutes 
following the ergotamine injection as when as usual given after 
the blood pressure again had returned to a more normal level. 
After section of the splanchnics the blood pressure fall from 
carbon dioxide was either unchanged or increased. This is illustra- 
ted by fig. 1. Evidently the increase of the splanchnic efferent 
outflow can play no deciding role in the origin of this blood pres- 
sure drop. 

The fact that the fall of blood pressure after administration 
of carbon dioxide to ergotaminized cats is quite as apparent after 
severing the splanchnics as before, whilst this carbon dioxide 
inhalation stiU gives a distinct increase in the splanchnic efferent 
outflow in spite of the ergotamine, affords strong reasons for 
believing in the existence of a peripheral blockade. However, 
the importance of the splanchnics for the regulation should not 
be overestimated. If, after bilateral splanchnicotomy, the animal 
is given the carbon dioxide mixture or if it is asphyxiated no fall 
of blood pressure or only a moderate fall is obtained, whereas it 
becomes pronounced after ergotamine. This is seen in fig. 2. 
Evidently the blood pressure may be regulated quite well 
through other nerves. 

As the drop of blood pressure could not be considered to be due 
to the augmented splanchnic activity, it seemed probable that 
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Fig. 2. Cat 2.4 kg. Thorax opened. Artificial respiration. Both splanchmcs severed 
Between the arrows the respiration is stopped (45 sec.), a) Blood pressure 74 mm 
Hg. Between a and b 0.24 mg ergotamine tartrate is given. During the m^eased 
pressure that ensues, asphyxia gives a fall of blood pressure down min JJg ( ) . 
c) Nine minutes later the blood pressure falls from 112 to 54 mm fig. 


it was caused directly liy tlie carl)oii dioxide, wMle tlie usual 
mecliaiiisiu of compensation was lilocked, centrally, periplierally 
or both. Certainly a nervous vasodilatation may be produced on 
other ways than through the splanchnics. In the present case 
such a vasodilatation becomes less probable as other blood pres- 
sure reflexes were still normal. Thus, a rise of blood pressure 
practically as large as before ergotamine administration is still 
elicited from the chemoreceptors of the sinus region by potassium 
cyanide for example (Euler and Schmiterlow). A peripheral 
block ought to give increased effects for other vasodilating sub- 
stances too. In the present experiments, however, injection of 
single doses of acetylcholine or histamine gave no consistently 
larger effect after ergotamine than before. In no case was the 
amplitude augmented. In some cases, on the contrary, it decreased. 
Often, although not always, the blood pressure fall was somewhat 
prolonged, however. Eig. 3 d and e show results from one of the 
experiments illustrating these effects. 

With these rapid falls of pressure there is the possibility that 
even normally the principal compensation is not performed by 
nervous regulation because of the inertia of the regulating mecha- 
nisms, but by a local mechanism through return to a mean tonus 
position of the vessels after the disappearance of the vasodilating 
su stances. With continuous infusion on the other hand a nervous 
compensation might be expected to play a part. The effect of 
n inuous y administered histamine or acetylcholine, however, 
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Fig. 3. Cat 3.'5 kg. Artificial respiration. Between d and e 0.35 mg ergotamine 

tartrate is given. 

a) and h) continuons infusion during two minutes with 12.5 y histamine per 
minute. 

b) and g) continuous infusion during two minutes with 2,5 y histamine per 
minute. 

c) and f) inhalation of 7,3 % CO 2 . 

d) and e) injection of 1, 2, 4 and 8 y histamine respectively. 


was unchanged or only sUghtly increased affcer ergotamine, the 
results being quite insufficient to explain the drop of blood pres- 
sure after carbon dioxide. This may be seen in fig. 3 a, b, g and h. 

The ergotamine also might influence the vasoconstrictors locally 
so that their effect is decreased at raised levels of carbon dioxide 
although it remains normal in other ways. But the effect of 
splanchnic stimulation was not changed during inhalation of 
carbon diozide mixtures in ergotaminized cats. On the other hand 
in one experiment the effect of splanchnic stimulation during arc 
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inhalation was dimmished after 0.1 mg eigotamine per Idlo. 
(See fig. 4.) As a rule other investigators have found no decreased 
effects after such small doses of ergotamine. But the rather low- 
blood pressure in this case may indicate that a certain degree of 
shock has occurred, and the result then becomes more under- 
standable, the animals becoming 
more sensitive to ergotamine 
during shock as shown by Smith 
(1928) in the dog. 

As the results up to this point 
mostly indicated an essentially 
central inhibition of the blood 
pressure response to carbon di- 
oxide, attention was directed to 
the effect of ergotamine on the 
respiratory response to . carbon 
dioxide. It was found in several 
experiments that 0.01 — 0.1 mg 
ergotamine per kilo clearly dimin- 
ished the ability of the animal to increase the respiration on admin- 
istration of carbon dioxide mixture. As a rule the effect was dis- 
cernible with 15 per cent carbon dioxide and it sometimes appeared 
with 7 per cent. The changed response- was principally noticeable 
in the depth of respiration while the frequency was hardly changed. 
During the minutes following ergotamine injection the spon- 
taneous respiration of air was also decreased and in some animals 
this decrease persisted for at least one hour. The diminished 
sensitivity to carbon dioxide remained present for some hours 
the effects on the respiratioii thus persisting much longer than the 
corresponding influence on the blood pressure. At the same time 
a displacement of the mean position to the inspiratory side was 
seen during inhalation of the carbon dioxide mixtures. Table 1 
gives some values from one experiment. Euler and Schmiterlo-w. 
have shown that doses of ergotamine of the order concerned here 
do not interfere with the regulation of respiration in response 
■to oxygen lack, cyanides or nicotine. Their results "with oxygen 
ack or potassium cyanide were confirmed in the present experi- 
ments. Evidently a specific, central inhibition of response to 
carbon dioxide must exist. 


Vilj 

10 * 

Pig, 4, Cat 3.8 kg. Stimulation of the 
right splanchnic. Between a and b 0.3S 
ergotamine tartrate is given. 
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Table 1. 

Cat 3.7 kg. Test of 14.9 % COj in Oj. 


Time 

Blood pressure in 
mm Hg 

Ventilation in ml 
per min. 

Air- 

respiration 

COj- 

respiration 

Change 

Air- 

respiration 

CO,- 

respiration 

10 . 41 - 10.44 

142 

142 

0 

816 

2.700 

10.48 

0.05 mg/kg ergotamine 



10 . 54 - 10.57 

166 

114 

-52 

425 

2,290 

11 . 27 - 11.30 

140 

116 

- 24 

680 

1,490 

11 . 47 - 11.50 

130 

118 

- 12 

698 

1,470 

12 . 10 - 12.13 

146 

136 

- 10 

602 

1,580 

13 . 12 - 13.15 

122 

138 

+ 16 

836 

1,680 

14 . 13 - 14.16 

118 

138 

+ 20 

840 

2,080 

14 . 58 - 15.01 

120 

134 

+ 14 

990 

2,120 


Discassion. 

From tMs and earlier investigations it appears that small 
doses of ergotamine have pronounced effects on the regulation 
of the respiration and blood pressure in response to gas mixtures 
rich in carbon dioxide. All facts speak for the origin of the 
changes in the respiration in the respiratory centre, as normal 
sensitivity of the chemoreceptors in the sinus region can be shawn 
for potassium cyanide and for oxygen lack. Investigations of 
EuiiER (1938) who found decreased sensitivity of the respiratory 
centre to potassium ions after ergotamine administration, are in 
agreement with this view. 

The change of blood pressure regulation in response to carbon 
dioxide respiration seems less clear. The interpretation becomes 
difficult on account of the large individual differences in sensitivity 
and because the number of experimental manipulations on any 
one animal is necessarily restricted. The increased splanchmc 
activity found by Gernandt and Zotterman speaks in favour 
of a peripheral blockade but this influences the blood pressure 
only very slightly or not at all. A central inhibition specific for 
carbon dioxide is made probable by the fact that the effect to 
other vasodilator substances is not greatly increased; by the fact 
that another central inhibition for carbon dioxide has been shown 
i. e. on the respiration; and lastly by the fact that normal blood 
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pressure reactivity of the sinus chemoreceptors is present with 
these doses of ergotamine (Euler and Schmitbrlow). Eurther, 
Euler and Liljestranu (1946) have shown that a larger drop 
of blood pressure is obtained after ergotamine, if the sinus aiid 
aorta regions have been previously denervated. 

Strong reasons therefore seem to exist for the view that the fall 
of blood pressure after administration of carbon dioxide to the ergo- 
taminized cat is caused by local vasodilating action of carbon 
dioxide, its influence being uncompensated principally because of 
an inhibition of the vasomotor centre. The peripheral blockade 
of the vasoconstrictors is less important. Carbon dioxide is already 
known to produce an appreciable fall of blood pressure if the normal 
regulation is eliminated, as was shown by Bacq, Bremer, Brouha 
and Hbymans (1939), on the totally sympathectomised cat. 


Summary. 

The action of ergotamine on the effect of inhaled carbon 
dioxide on blood pressure and respiration in the cat has been 
investigated. 

The results indicate that the fall of blood pressure caused by 
carbon dioxide in the ergotaminized cat is principally due to a 
central inhibition of the blood pressure regulation, the inhibition 
being relatively specific to carbon dioxide. The local vasodilating 
action of the earbon dioxide then appears. 

Ergotamine was also found to exert an inhibitory influence on 
respiratory regulation. It caused a decrease both in the normal 
ventilation and in the extent of the usual increased ventilation 
following inhalation of carbon dioxide. This action is interpreted 
as arising from a diminished sensitivity of the respiratory centre. 
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Introduction. 

The experiments which will be described in this paper may be 
regarded as complementary to a work previously carried out by 
one of the authors (G. F. G.) and reported both in Swedish (1907) 
and in a German version (1909). This previous investigation 
showed by means of experiments carried out with accurate meas- 
uring apparatus upon frog nerve muscle preparations (sciatic- 
gastrocnemius) that a shock applied unipolarly to the nerve from 
a contact of a potentiometer and conducted through the nerve and 
its associated muscle to one plate of a condenser of known capacity, 
induces in the muscle a barely perceptible twitch at a much lower 
voltage if the shock has negative than if it has positive potential. 
The experiments showed also that a shock of negative potential 
which is conveyed from the potentiometer through the nerve 
muscle preparation to the condenser, induces a barely perceptible 
twitch of the muscle at a much lower potential if the direction 
of the stimulating shock in the nerve is musculopetal than if 
it is musculofugal. 

The procedure employed in arriving at the latter result must be 
described again in this paper in order to show how far the previous 
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Kg. 1. The expeiiinental device used by (^6THLIN■ (1907, 1909) for determination of 
the muscle threshold on exciting a sciatic-gastroonemius frog preparation by 
single shocks of different signs and different directions in the nerve, 

results are comparable with those obtained in the experiments 
wMch we are now reporting; we therefore reproduce a sketch of 
the apparatus and a description. (See Fig. 1.) 

TWO accumulators (AA) generate a p. d. of 4000 mv. in a platinum 
wire extending over a 1000 mm scale between the signs + and -— on 
the graph The charging potential is chosen hy means of a sliding 
contact (C), and this potential may be made negative or positive by 
means of a Pohl reversing switch which alters the connection to ground. 
K is a condenser, G a ballistic galvanometer (only employed in control 
experiments); S, and S, are glass cups containing mercury. Si is con- 
neLd to ground by Do and by D* to the impulse generator. In the 
reversing apparatus BMV a bar of ebonite carries a platinum Wire 
ending in platinum contacts for the mercury While the ^ 
ducts the impulse — negative or positive — from the middle of the 
platteum Wire to the nerve-muscle preparation (NM) enclosed in a 

™ When contact is made at Sj, a measured quantity of 
verses the nerve towards the muscle and is collected by the condens 
B When the current Was to pass from muscle to nerve, the conducting 
wkeT S aS Do were changed over. From the diagram it is evident that 
Ihe preparation is in connection with the ground until a moment before 

i, pSTLe ZL chamber 5.«. A etream of air ..tarated wrft 
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Sign of electiicity; 
direction of its propa- 
gation in tho nervo 
between tho electrode 
and muscle 

Potentiometer 
potential at the 
threshold, in 
millivolt 

Voltage- 
capacity thieE- 
hold in 10’* 
coulomb 

Time of 
observation 

+ E4' 

700 

0.7 

5.10 

-E4- 

296 

0.20G 

5.41 

-b E "V 

692 

0.G02 

6.18 

-E4' 

290 

' 0.20G 

6.50 

+ E 

356 

0.35G 

6.54 

-E/}v 

676 

0.C7G 

O.oo 

+ E>t' 

692 

0.G92 

G.05 

1 -E'l' 

324 

0.321 

O.oo 1 


"V condenser charge passes the ncive in musculopcfal diicction 
-t' = condenser eharge passes the nerve in mvscvhfugal diiection 


water IS p^sed tkrougb. Temp. 20.i°~20.o°. I .5 cm. of tlic nerve 
163 below the electrode and 2.2 cm. above it. The capacity' of the con- 
denser IS O.ooi mf. Threshold voltage determined with an accuracy 


The figures in the report on experiment 7, and in all the ex- 
periments in this series, show that a shock of negative potential 
directed in the nerve towards the muscle reaches the twitch 
threshold when its potential is only about half that requited to 

achieve the same effect when the direction of the shock is awar 
from the muscle. 

The new senes of experiments which will be reported in this 
paper were designed to elucidate whether the greater excitatory 
effect of a stimulation by a single shock of negative potential in 
e case of musculopetal, as opposed to musculofugal shock, is 
manifest if physiological conditions are simulated by usinn 
a^series of stimuli applied at regular intervals appropriate to the 


Meinoa. 


apparaCtS first and foremost a new 

suitable freqnencv^O stocks of a suitable form and at a 

configuiatiol of I«,b fssntial requirement was tbat the 

Kg. 2) obtaLd r ™ “f the type (see 

g .i) obtamed when one .solates that 1/4 of a sinusoidal wavo^ 
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Pig. 2, Diagram to explain the idea of abolishing part of a sinusoidal rvave and 
leaving behind only that 1/4 period which is charaoteiized by increasing voltage 

of negative sign. 

which the potential begins to become negative and then grows 
from 0 to its peak; the wave is then cut off so that the apparatus 
is at zero potential during the remaining 3/4 of the wave. 

We also required that the duration of the 1/4 wave should be 
sufficient for the temps utile of the preparation, and that the 
maximum potential should be not less than 0.4 volts. Finally, 
we required that the apparatus should deliver 50, 75, 100, 200 and 
300 pulses per second. 

The construction of the apparatus was undertaken by Svenska Eadio- 
aktiebolaget, Stockholm. Engineer Inge Svedberg devised the principle 
of the construction, the main features of which he describes as follows: 

The impulse generator is a pulse oscillator giving a voltage correspond- 
ing to the proposed quarter of a cycle of a sinusoidal voltage and works 
as follows. A sinusoidal oscillator 0 feeds a circuit containing a diode D, 
a resistance Ej, and a potential divider Eg in series. Parallel to this 
circuit is a neon tube N. 

Starting at a moment when the voltage at the point a (v. Fig. 3) is 
positive relative to b (or G, which is ground), we see that no current 
flows through the diode and accordingly no voltage is developed across 
the out-put terminals V — G of the potentiometer Eg. When the voltage 
of a becomes negative relative to 6 the current flows through Ej and a 
sinusoidal voltage is built up across V — G. When the voltage a — b 
has grown to the striking voltage of the neon tube N, this tube sud- 
denly becomes conducting and short-circuits the oscillator 0 so that the 
voltage across Eg immediately drops to zero. 

In the apparatus used for the tests the neon tube is a gasfilled triode 
(thyratron) and the striking voltage can be regulated by varying the 
d. c. grid-bias. If the bias is so adjusted — ■ an adjustment which is 
carried out under the control of a milliammeter mA — that the current 
barely begins to flow through the neon tube at the moment when the 
maximum value of the cycle is reached, the rest of the cycle is cut 
away, leaving only the desired ^4 of the cycle at the out-put temiina s. 
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while the time taken for the return to the base line is not measurable 
is certainly less than 0* i millisecond, iimother oscillogram was made 
with slightly slower paper while the apparatus Was emitting a series 
of impulses at a speed of 200 per sec. 

The potential generated can by means of the finely adjustable po- 
tentiometer be raised sufficiently gradually for our purpose from 0 
to 0.4 volt, which is its maximum output. 

A surviving motor neuron preparation of frog (Gothlin). 

A frog is decapitated by a transverse cut across the skull between the 
corners of the mouth. In order to remove the remnants of the medulla 
oblongata from the spinal cord, two symmetrical scissor incisions are 
made under the skin on each side from a point on the decapitation line 
midway between the midline and what was the corner of the mouth. 
These incisions are taken as far as a point on the vertebral column 
at a level with the posterior edge of the ear drums, thus freeing a tri- 
angular piece of bone which contains the remains of the medulla oblon- 
gata. Bleeding can be ignored. The operation leaves a preparation of a 
spinal animal which should display no "posture correction reflex”. 

In extending the decapitation incision, the skin is cut with scissors- 
as far as the ventral midline, and is then incised along the ventral and 
dorsal midlines so that the incisions meet at the symphysis. The skin 
is peeled off on each side as far down as the symphysis, after which it is 
peeled off each leg down to the toes while the body is held in place by a 
strong pin against the symphysis. 

The skinless preparation is placed on its back and the abdominal 
and thoracic Wall cut through in the anterior midline. The viscera are 
removed with care to avoid damage to the sciatic plexus. The plexus 
on one side is then carefully isolated from the vertebral column to the 

hkigh. . ■ 

The next stage requires a glass rod one end of which tapers gradually 
and terminates in a knob, 'li^ile the bone of the lower leg on the side 
selected is held fast with forceps, the glass rod is introduced between 
the gastrocnemius and peroneal muscles and separates them from each 
other along their entire length. At the upper and lower ends of the space 
thus made, the bone is cut aWay with its attached muscles so that the 
foot is only held to the thigh by the gastrocnemius. The muscles of the 
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Fic 6 Diacram of a frog motor neuron preparation. SpC tlic intact apinnl cord in 
the unopened vertebral column; ScPl the sciatic plexus; ScN the scmtic nerve, 
embedded in the thigh musculature; GM the gastrocnemius muscle; 1 1 A plantar 

apoDcuToais. 


lower leg and foot vkich have not been removed in cutting nwny^ the 
bone can no longer be induced to contract by stimulation of the sciatic 
plexus or nerve. _ _ ... 

The pelvis is cut through at the syinphysis. "While the sciatic plexus 
on the chosen side is carefully raised with a gln.ss hook, the posterior 
abdominal Wall is cut through just below the point where the sciaticl 
plexus emerges and immediately above the point where the plexu.s 
becomes the sciatic nerve and the latter enters the musculature of the 
thigh. Finally, two incisions are made with scissors from the abdominal 
region up to the neck parallel with and barely 1 cm from the vertebral 
column. Everything not attached to the column is then removed. If, 
as in this case, the object of the preparation is to display the smallest 
possible perceptible contraction of gastrocnemius, it is a disadvantage 
that the thigh muscles should be connected by nerves with the sciatic 
plexus and be able to twitch when the plexus is stimulated. This is 
prevented by careful exploration between the muscles of the back of the 
thigh and cutting the motor branches of the sciatic nerve which leave 
its upper part. The nerve is then replaced in its tunnel between the 
muscles. 


A preparation made on these lines contains all the motor neurons vrith 
motor end-plates in the gastrocnemius which arise from anterior horn 
cells on the side concerned. If one electrode is placed liigh on the 
paravertebral muscles of the preparation and the other on the plantar 
a.poneurosis of the foot, all these neurons throughout their length will 
lie within the course of a current that flows between the two electrodes. 


It should be observed that when electrodes are placed in this way 
on a preparation of this kind, the cross-sectional area of the osseous 
and muscular parts surrounding the spinal cord is at least 30 times 
that of the sciatic plexus, and the cross-sectional area of the gastro- 
cnemius at least 40 times that of the plexus. The current density, varia- 
tions in which determine the stimulation of the tissues, will be cor- 
res^n ingly greater in the sciatic plexus than in the anterior horn cells 
end-organs of the neurons in the muscle. Consequently, w'hcn the 
sought by single shocks through electrodes placed on it 
response of the gastrocnemius (if it res- 
ponds) must be due to stimulation of the sciatic plexus and not of 
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the anterior horn cells or of the branches of the sciatic nerve in 
the muscle. 

For some purposes a symmetrical double preparation may be re 
quired, in Which case both hind legs are prepared in the manner de- 
scribed. Both sciatic plexuses are retained, the whole of the posterior 
abdominal Wall below their exit is removed and each leg of the pre- 
paration remains attached to the vertebral column by its sciatic nlexus 
only. 

For the experiments to be described in this paper, the preparation is 
placed carefully on a suitably sized slab of paraffin wax of low melting 
point. The preparation is placed on its back but the lower leg and foot 
are rotated through 90° so that the latter’s plantar surface faces up- 
wards. Care is taken to ensure that the sciatic plexus, Without being 
unnecessarily stretched runs a straight course across the slab. 

The preparation is fixed in this position by means of a hedgehog quill 
passed through the thigh — but carefully avoiding the sciatic nerve — 
and another through the sole of the foot. 


Ghoice_ of frequency. 

The frequency of the shocks which are employed to stimulate the 
neuron preparation has been 75/sec. throughout. The choice of this 
frequency is based upon earlier results of special investigations into the 
action waves of frog muscle. F. Buchanan (1901) recorded their fre- 
quency in the sartorius muscle of frogs with a capillary electrometer 
during reflex tetanus in animals treated with strychnine. These ob- 
servations led to the following result, among others (p. 149): "The 
average frequency as estimated from such curves as were measured — 
the dura* ion in 37 periods in the muscle-responses of 9 frogs Were 
accurately measured — Was one of about 68 per second.” The choice 
of the frequency 75/sec. is also based upon determinations of the in- 
herent rhythm of frog muscle carried out by Dittler and Tichomibow 
(1908) who found it to be about 60 per second in winter frogs and about 
100 per second in summer frogs. 

In separate experiments, the authors found that the flow of a series 
of impulses from the generator through the sciatic plexus of a neuron 
preparation at a frequency of 75 per second induced a very even tetanus 
in the gastrocnemius muscle. 


The experiiwntal circuit as a whole. 

Fig. 7 gives a general idea of the circuit with which the neuron 
preparation Was investigated. The following is an explanation of the 
device using the symbols attached to the various components of the 

circuit. . , 

Between the terminals of the impulse generator is apphea a au 
Bois-Eeymond short-circuiting switch which is only opened When cur-, 
rent is to be fed to the preparation. C is a finely adjustable com- 
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experimental nnangemcnt for detennining tlie muscle tlircs* 
hold on exciting motor neurons by periodic schocks of negatirc potential travelling 
in different duections m the nerve. Explanation of the Icttcis is given in the text 
and partly in connection •(vitb Eig. 0. 


pensator, and ESC its reversing switch. G is a multiflex galvanometer 
o the type devised by B. Lange; a direct reading scale, internally illu- 
mnated, and a hgh degree of damping permit rapid reading. In the 
imtrument used V one unit on the scale (z. e. 1 mm.) corresponded 
to a current of 7.5 xlO-® amps. Its resistance was 975 ohms. ESP ~ like 

whSiT “ ® ® ® switch” (Leeds and Korthrup) 

Whi^ reverses the current to the preparation. ^ 

wiSvPi^tT'^ plain glass walls which were coated 

permit experiment in order to 

wHa !. 9 . ™ rs “f a® “'I length 00 cm., 


e paravertebral 


le 

muscles and WPi 7 sunace o 

Se e m aponeurosis. 

and compensated immeSelvbpfor^’^'^^^^d^i-^ electrodes, is measured 
the short circuit ^ 

andthe galvanometer adiiinf closed during this measurement 
The threshold of the preLrati of the compensator, 

the short circuitVs4S 

tiometer adjusted to vern T!l ^“P^ise generator’s poten- 
zero - and then very carefully increasing the 
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potentiometer setting until an assistant notes tlie first perceptible 
contraction of tlie gastrocnemius. This is repeated twice and tbe galvano- 
meter is read on tlie second occasion. 

Experiments and Numerical Results. 

All the’ experiments were carried out on specimens of Rana 
temporaria caught during the summer. 

Experiment on the 14.11.45. Rana temporaria; wt. 23 gm.; 
bilateral spinal preparation. 

Preparation of the animal began at 13.15 hrs and the neuron 
preparation was inserted in the moist chamber at 13.40 hrs. The 
electrodes were placed on the plantar aponeuroses of the two 
feet. The term right — left signifies that shocks of negative potential 
pass through the double preparation from the right to the left 
foot. The e. m. f. of the preparation was determined immediately 
before each double observation by adjusting the galvanometer 
to zero with the help of the compensator. Two assitants — one for 
the right and one for the left muscle - — watch for the first per- 
ceptible contraction in each muscle.- 

Series I. Direction of the shocks left — aright. E. m. f. of prepara- 
tion -j- electrodes at 13.47 hrs. .= 1.1 mv. 

Threshold for right muscle at 13.48 hrs. = 0,097 microamps. 

» » left . » » 13.49 hrs. = 0.157 im'croamps. 

Series II. Direction of the shocks right— left. E. m. f. at 13.50 
hrs. = 9.1 mv. 

Threshold for left muscle at 13.51 hrs. =0.187 mfcroamps. 

» » right » » 13.53 hrs. =0.210 microamps. 

Series III. Direction of the shocks left — ^right. E. m. f. at .13.52 
hrs. =11.4 mv. 

Threshold for right muscle at 13.54 hrs. =0.120 microamps. 

» » left » » 13.55 hrs. =0.191 microamps. 

Series lY. Direction of the shocks right— left. E. m, f. at 13.55.6 
hrs. = 12.5 mv. 

Threshold for left muscle at 13.56.5 hrs. = 0. 1 76 microamps. 

)> » right » » 13.57.5 hrs. = 0.210 microamps. 

Direct stimulation of the nerve plexuses with controlled-current 
from the generator at 14.01 hrs. immediately after opening the 
moist chamber, showed that the plexuses on both sides were fully 
sensitive to stimuli throughout their length. The length of the 
isolated plexus was found to be on the right side 15.0 mm., on the 
left side 15.2 mm. 
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The average threshold values are. 
musculopetal direction of the shocks (mp) ... 0.145 microamps. 
musculofugal » » » » (mf) ... 0.192 » 

The ratio mf : mp is therefore as 1.324 : 1. 

From this we conclude that the threshold is lowest when the 
shocks of negative potential induce a movement of anions in the 
axis cylinder towards the muscle. It should be noted that this 
experiment shows very clearly that the threshold was lower in the 
nerve which was further from the cathode than in the one that was 
nearer to it. Gildemeistbe, who reported the deterniinations of 
1909 in Hermanns JaJiresberichte (for the year 1909). insinuates 
that it is self-evident that all stimulus automatically emanates 
from the cathode even in single shocks. The present experiment, 
in which no cathode is placed on a nerve, shows, however, that 
the direction of the flow of current in the nerve may in special 
cases have more effect upon the threshold level than proximity 
to the cathode. 

Pfliiger’s rule applies as is well known to the effect of the direc- 
tion of flow upon the reaction of the muscle to bipolar stimulus of 
its nerve on closing or breaking a constant current. This rule cannot 
be applied to momentary currents, which constitute the type of 
electrical stimulus that corresponds to the physiological action of 


white nerve fibers. It cannot therefore provide any insight into the 
biological changes associated with a natural nerve impulse or into 
the problem of whether dr not the direction of the momentary 
current is of any significance in the induction of an experimental 
nerve impulse. Elucidation of this problem required an all-round 
investigation with single unidirectional shocks of electricity of 
known sign, and this was in fact carried out in the work of 1909 


quoted previously. 

Symmetrical double preparations possess the great advantage 
over unilateral preparations that they provide their own controls 
inasmuch as the complex of phenomena observed — as the ob- 
servations jufet described show — develops into its mirror image 
when the direction of the current is reversed. It was found, how- 
ever, that complete or even sufficient symmetry in excitability 
pisparations is the exception rather than the rule 
K ^ small degree of asymmetry causes the threshold 

more excitable half of the preparation which- 

suited ftp f flowing. The bilateral preparation was not 

re ore to provide sufficient material for a satisfactory 
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solution of the problem; circumstances necessitated for this reason 
the use of unilateral preparations. 

The results of ten experiments carried out in November and De- 
cember 1945 on unilateral preparations are shown in tabular form 
in Tables II and III. 

The unilateral experiments comprised 42 double observations, 
which yielded the following statistical results; the average thres- 
hold current was 0.342 microamps, when flowing away from the 
muscle (mf) and 0.299 microamps, when flowing towards it (mp). 

The relationship between these two is expressed as — i. e. — — 

mp 1 ■ 

The mean oi the differences in the total number of double observa- 
tions is 0.0426 microamps., the standard error of the mean being 
0. 008 75 microamps. It is therefore statistically proven that in the 
experiments periodic shocks of negative potential stimulate the 
muscle more when flowing towards it than when flowing away 
from it, but the relationship between the two threshold values 
. mf . 

e. — is found to be much smaller than in experiments with 
mp ^ 

isolated single shocks. 

Discussion and Interpretation. 

The changes within the nerve fibers which may explain the 
quantitative differences between the results of the experiments 
reported in this paper, in which repetitive shocks were employed, 
and of those obtained in 1909, when isolated shocks were used, 
can only be discussed after certain theoretical assumptions have 
been made. 

The writers base their argumentation upon the conception of the 
mode of action of the white nerve fibers which G. T. Gothlin 
has expounded in several papers and which is to a large extent 
based upon his own experimental observations. Since, however, 
neither his views nor the observations upon which they are based 
are mentioned in the textbooks of physiology it is necessary to 
explain certain details which are essential to a comprehension of 
the results reported in this paper. 

Struck' by a statement of Hebmann (1898 pp. 282—283; 1905, 
p. 127, foot-note) to the effect that if one applied his "KernhUer" 
theory to the individual nerve fiber then the myelin sheath must 
be included in the ‘’Kern” and only the connective tissue sheaths 
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(including Schwann’s sheath) could be regarded as the covering, 
GOTHLIN carried out in 1902 (pp. 155-161) an investigation into 
the electrical conductivity of the myelin sheath. The material 
he used consisted of punched out blocks of the corpus callosum 
of cattle in which the fibers run parallel but are not enclosed 
either in Schwann’s sheaths or in lamellae of connective tissue. 
The whole problem is in this material much simpler than in periph- 
eral nerves. - 

A specially designed resistance vessel of glass. (length and width 
1 cm,, height 0.5 cm.) with electro-plated platinum electrodes was 
packed with lamellae of corpus callosum cut out with a double 
knife parallel with the fibers. This vessel was placed in a larger 
water-tight vessel which could be immersed in a water bath. 
At body temperature (38° C) the electrical resistance of the block 
per cc. was determined in the longitudinal direction of the fibers. 
With a Cohn electrode, the electrolytic conductivity of the vitreous 
humour of an eye from the same animal was determined after it 
had been proved that it corresponded (within the margin of error 
of the method of measurement) with that of the cerebrospinal 
fluid (CSF) of the same animal. 

In order to check the following calculations, it is necessary to 
know certain dimensions determined by G. F. G. He found by 
examination of sections 2 [i thick through the corpus callosum, 
which had been fixed in osmic acid and cut transversely to the 
direction of the fibers, that the average thickness of a nerve fiber 
in that region was 4.34 // and the thickness of its myelin sheath 
0.9 /t; its axis cylinder had a diameter of 2.64 /f, and a cross-sec- 
tional area of 6.1 x 10“® cm®. 

Assuming that the corpus callosum consists partly of matter 
of the conductivity of cerebrospinal fluid and partly of non- 
conductive matter it was possible, by measuring the resistance 
of the corpus callosum, to calculate how much of the transverse 
section consisted of non-conductive ‘nattcT, It was found on passing 
currents through in the direction of the fibers that in seven ex- 
periments on an equal number of animals the average proportion 
of non-conductive matter was 91.4 % of the cross-sectional area, 
e proportion of the cross-sectional area which would be occupied 

y t e ntyelin sheaths of nerve fibers in the corpus callosum at an 
average fiber diameter of 4.34 n, was only 59.6 even assuming 

tnat the fibers were so tightly packed that their myelin sheaths 
were in contact. '' 

15 >i80Wf. Acta pUys. Scandinav. Vol. 15. 
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On the same occasion, the dielectric constant was determined 
by Nernst’s method (1901, pp. 137—145; 1910, pp. 90—96) both 
of a lipoid extract of the corpus callosum — after the extract had 
been dehydrated in a desiccator — and of neurokeratin. The 
dielectric constant of both these constituents of the myehn sheath 
was found to lie below 4.0. Combining this result with the theoret- 
ical considerations of Nernst (1894) the author inferred that of 
the structures of the white nerve fiber the myelin sheath must have 
more insulating properties than any other and must have played 
the role of a non-conducting material in relation to the weak 
electromotive forces required for his measurement of the resistance 
in the corpus callosum. 

Thus, the myelin sheath does not belong to the Kern of the 
Kernleiter but constitutes instead the insulating covering of the 
white nerve fiber. In order to calculate its inductive capacity the 
dielectric constant of the myelin sheath must be known. When 
the work was resumed somewhat later (1907, pp. 101 — 118; 
1910, pp. 90 — 111), the latter requirement was in so far fulfilled 
as the dielectric constant of an extract containing the lipoids of 
corpus callosum and saturated with aqueous vapour at body 
temperature, was determined by Drude’s method (1902) with 
electric waves and foxmd to be 10.6, The inductive capacity (c) 
of the myelin sheath per unit length could then be calculated from 
the formula for cylinder condensers. This was done for an average 
sized nerve fiber in the corpus callosum. The axis cylinder’s re- 
sistance in ohms (cy) per unit length was also calculated, assuming 
that its conductivity was the same as that of the cerebro-spinal 
fluid, and found to be in round figures one thousand megohms 
per cm. 

Further it was assumed that the frequency (n) of the elementary 
impulses in this fiber from the corpus callosum corresponded with 
the frequency (n = 49) just determined by Piper (1908) of action 
waves in a voluntary muscle of a human being. After making 
these determinations and assumptions, the rate of conduction 
(v) in a nerve fiber of this type was calculated (Gothlin 1910, 
p. 133) in accordance with Thomson’s (1856) cable formula 

y = 2 1 In this way, a rate of conduction of 2. 4 m./sec. was 

V C-ft) 

arrived at for the nerve fiber in question. It had never previously 
been possible to use Thomson’s formula to calculate the rate of 
conduction in a nerve fiber, since no experimental investigations 
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into the physical quantities c and co had been carried out up to 

this date. _ 

The calculated rate of conduction was thus of the same order 
of magnitude (m./sec.) as the rate of conduction in white nerve 
fibers arrived at by direct measurement. This is more than can be 
said even today of any other hypothesis regarding the conduction 
in white nerve fibers based upon real physico-chemical measure- 
ments (Gothlin 1917, 1939). In view of this correspondence, 
Gothlin (1910 p. 141) suggested as a working hypothesis that the 
white nerve fiber is an elementary cable in the form of a cylin- 
drical condenser in which the axial conductor is the axis cylinder 
with the conducting power of an electrolyte while the myelin 
sheath is the insulating layer which separates the electrolyte in the 
axis cylinder from the electrolyte surrounding the fiber. This 
hypothesis leads to the conclusion that coarse nerve fibers must 
conduct more rapidly than fine ones and it is therefore strongly 
supported by the results later obtained by Erlanger and Gasser 
(1927, 1937.) 

It is well known that the myelin sheath is interrupted at every 
node of Ranvier, and this gap is occupied by Ranvibr’s “con- 
stricting band” which in polarised light and in fact in general 
possesses very different properties from myelin. Proof of less iso- 
lating properties of these constricting bands is provided by ex- 
periments carried out by Kubo and Ono and described by Kato 
(1934, pp. 68 — 76). Current transmitted by microelectrodes was 
found in these experiments to have a far greater excitatory action 
when the electrode was placed on a node of Ranvier than when 
it was placed upon an internode. This finding justifies the assump- 
tion that the constricting bands possess a certain conductive 
capacity for currents of low e. m. f. In this work it has therefore 
been assumed that branches of the exciting current penetrate 
to and emerge from the axis cylinder at the nodes of Ranvier 
and that they pass through the axis cylinder between these two 
points, though at a much lower density than in the lymph spaces 
which surround the nerve fiber. 


It is now generally recognised that the action current is able 
dming its passage to regenerate its own charge by inducing a 
c emical reaction by virtue of its own e. m. f. There are, however, 
er^t opinions as to the mechanism whereby this reaction is 
brought about [v. i. a. Cremer (1909, 1929), Gothlin (1910, 1917), 
Broemser (1927), Adrian (1931), Hill (1932), v. Muralt (1946)]. 
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Gothlin (1910, p. 141, and 1917, pp. 511—513) assumes that the 
neurofibrils consist of an axis of a dielectric proteotrop (cp. Goth- 
LIN 1913, plate 3, fig. 6) material and a chemically highly reactive 
superficial layer with electrolytic conductivity, and that in the 
axis cylinder, at the interface between these two layers, the action 
potential brings about a dielectric polarisation of the fibrils an- 
alogous to that in the phenomenon known as electrostenolysis 
(Braun 1891) and by this means induces in the superficial layer of 
the fibrils a chemical reaction creating an excess of unstable anions. 

The CO3 ions may play a role in this reaction, as the formation 
of CO2 in nerves is increased when they are transmitting impulses 
(Tashiro, 1913). The CO3 ion in statu nascendi in the presence of 
oxygen would have a very different effect upon the excitatory 
state in the axis cylinder from that of an existing stable system 
of one CO3 ion and two H ions. 

When a shock of negative potential is sent through the axis 
cylinder the primary effect in the latter is a propulsion of its 
anions from the negative pole towards the grounded lead of the 
system. In addition it is assumed — in conformity to the supposed 
course of events in the action potential wave ■ — that every shock 
of negative potential induces by polarisation at the interface of 
the fibrils a chemical reaction which results in the production of 
a temporary excess of anions, possibly including CO3 ions. 

Although the changes which a negative shock induces in the 
axis cylinders may be assumed to be in many respects similar in 
kind to those which occur in the region of an action potential 
wave, there is the important difference that the former changes 
are induced simultaneously in all those parts of the neuron which 
lie within the exposed part of the sciatic plexus. 

With regard to isolated shocks of negative potential, earlier 
experiments had shown that the threshold of the muscle is greatly 
affected by their direction and is reached, if the shock propels 
the axis cylinder’s anions towards the effector organ, at about 
half the potential which is required when the shock has the op- 
posite direction. With the repetitive stimuli of negative potential 
which are employed in the present investigation at a frequency 
so chosen that — judging by K. Lucas’ and E. D. Adrian’s ex- 
periments (1917, p. 35) — each shock reaches the preparation in the 
beginning of the supernormal phase following the previous one, 

the mean relationship — between the threshold values of the 
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musculofugal and the musculopetal propagation is much lower. 
This seems to indicate that the repetition of the shocks, at least 
at the chosen frequency, brings about an increase in the chemical 
reactions not only absolutely but also in proportion to the pro- 
pulsive effect and that this occurs irrespective of whether the shades 
drive the anions to or from the end organ. 

At all events the differences in influence of the direction of shocks 
of negative potential on the threshold values which have appeared 
when examining one time with single shocks, the other time with 
a physiologically adjusted series of shocks, prove that there are 
ttoo factors which determine the effect of the electrical currents 
upon the nerve and so indirectly upon the muscle. The difference 
in excitatory effect between musculopetal and musculofugal shocks 
of negative potential the authors regard as evidence of a direc- 
tion factor in the electric excitation process — a factor which is 
positively excitatory when the anions in the axis cylinders are pro- 
pelled by the electric forces in the direction of the physiological 
end-station but negative, and inhibitory, if the electric forces 
induce propulsion of the anions in the axis cylinders in the opposite 
direction. A second factor is the polarisation process which induces 
chemical reactions in the axis cylinders and in this way brings 
about a transitory excess of unstable anions corresponding to 
every single shock. 

On the whole the experiments show that the relative influence of 
these two factors is such that the direction and ion propulsion factor 
is predominant when isolated shocks are administered while the po- 
larisation and chemical reaction factor is proportionally more effec- 
tive when repeated stimuli are applied at physiological intervals. 

If one assumes . — as the relative levels of the thresholds — E t 
and — E t in the experiment with isolated shocks (cf. Table 1 ) 
suggest — that the direction factor inhibits in the case of musculo- 
fugal shocks to the same degree as it enhances the excitatory effect 
in musculopetal shocks, then one can also calculate numerically 
the proportion of the excitatory effect for which the direction factor 
and the ion propulsion factor are responsible when the current flows 
musculopetally. On the above assumption the influence of one di- 
rection should amount to half the difference between the threshold 
va ues for musculofogal and musculopetal shocks. Erom this one 
w direct part (DF) played by propulsion of ions in 

e 0 a excitatory effect of a musculopetal current. If this method 
0 ca cu ation is applied the following figures are obtained. 
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In tlie case of isolated shocks on the lines of the experiment 
described in Table 1 , if the average of the three threshold values 
for — E i is taken as the basis of the calculation then DF = 

0.5 (676—305) 

^ 305 whereas 39.2 % of the excitatory 

effect is due to secondary polarisation reactions. In the experi- 
ments, in which periodic shocks of negative potential were ad- 
ministered to a neuron preparation, the excitatory effect DiF, 
of a propulsion of ions induced in the axis cylinders of the pri- 
marily excited parts of the neurons and propagated as such to 

, . 0.5(341.5 — 298.9) 

lower regions, amounts to = 7.1 0 /^^ whereas 

92.9 % of the excitatory effect is due to secondary polarisation 
reactions. 

It is probable that the length of the portion of nerve fiber 
that is effectively excited will have some influence on the results 
(cp. Rushton 1927), but it did .not belbng to the object of the 
writers to take up this question. In 9 out of 10 experiments the 
exposed length of the neurons varied from 8 to 13 mm. 

It remains to remark that if an apparatus could be constructed 
which would enable one to investigate on the same preparaiion 
both the effect of single shocks and the effect of different series 
of shocks of various frequencies, the relative proportions of the 
two factors would be more satisfactorily ascertained and it would 
be possible to observe transition states from the one extreme to 
the other by means of the method of analysis described above. 

Summary. 

1 . One of the authors (G. F. G.) in an earlier investigation 
(1907, 1909) established that with sciatic-gastrocnemius prepara- 
tions, on unipolar application to the nerve of single shocks of 
negative potential, the threshold of excitation of the nerve for 
a musculopetal direction of the shock was attained at about half 
the potential which was necessary on applying a similar shock in 
musculofugal dirction (cp. Table 1). 

2 , In the present series of experiments, surviving peripheral 
motor neurons of frogs are used to determine the threshold of the 
nerve to shocks of negative potential repeated regularly at a 
frequency of 75 /sec. The impulses are generated by an impulse 
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generator (Fig. 3) and their wave form is shown in Fig. 4 and 6. 
The threshold current is recorded by a sensitive galvanometer. 

In this series it is found in 42 double observations that the 

mean value of the threshold in the case of musculofugal shocks 
(mf) is 0.342 microamps., while in the case of musculopetal shocks 

mf 0.342 

(mp) it is 0;299 microamps, ^ = oT^* mean difference 

between the two values in the 42 double observations is 0.0426. 
The standard error of the mean is 0.00875. It is thus statistically 
established in this series too that musculopetal shocks of negative 
potential have greater excitatory effect then musculofugal. 

mf . 

3. From the very different values of the quotient in the two 

2 

series — for single shocks about ^ regularly repeated shocks 

1.144 . 

of a frequency of 75/sec. — it is inferred that two factors are 

concerned in the excitatory effect of the shock upon the nerve 
and indirectly upon the muscle, viz. 

i. a direction factor DF dependent on the direction in which the 
shock propels the anions in the axis cylinder, inasmuch as their 
propulsion towards the muscle enhances but their propulsion away 
from it diminishes the excitatory effect, and 

ii. a reaction factor RF dependent on the size of regularly re- 
peated but transient aggregations of anions which the shocks 
induce in the axis cylinder by means of dielectric polarisation. 
The probable mechanism of this process is dealt with under the 
heading; “Discussion”. — The experiments show that the factor 
DF is predominant when single shocks are used while the factor 
RF is preponderant when regularly repeated shocks of optimum 
frequency are administered. 

4. On a certain assumption, the validity of which is argued under 

"Discussion”, numerical values of DF and RF can be given, as 

follows; In the experiment with single musculopetal shocks of 

negative potential DF amounts to 60.8 % and RF to 39.2 % of the 

total excitatory effect in the nerve. In the experiments in which 

periodic musculopetal shocks of negative potential were adminis- 

^ 0 / ^ Pi^eparation DiFi amounts to 7.1 % and RiF^ 

to 92.9 % of the total. 

It may be assumed that in physiological motor nerve impulses, 
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the influence of secondary polarisation reactions upon the ex- 
citatory effect as to order of magnitude best harmonizes ivith 
the experiments with periodic stimulation by negative musculo- 
petal shocks of optimum frequency. 

The Therese and Johan Andersson Fund of the Caroline In- 
stitute, Stockholm, has defrayed the expense of building the 
impulse generator. The authors are indebted to Professor Tobsten 
Teorell for the use of several instruments. Skilfull technical 
assistance in the experiments was lent by Miss Agneta Lilje- 
GRBN-, Cand. Med. 
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It -was demonstrated by Gilman, Philips and Koelle (1946) 
that the clearances of thiosulphate and creatinine are identical 
in dogs, and this was subsequently ■verified by Pitts and Lot- 
SPEICH (1947). Later, in the course of experiments on man, New- 
man, Gilman and Philips (1946) and Bren (1948) showed that 
the thiosulphate clearance is identical with the innlin clearance, 
so that we may take it that the thiosulphate clearance in dogs and 
in man provides a measure of the filtration through the glomeruli. 
In the following study a comparison is made on rabbits and cats 
of the creatinine and thiosulphate clearances for the purpose of 
ascertaining whether the easily determinable thiosulphate clear- 
ance can also be utilized in these animals for determining the 
glomerular filtration. 


Analytical Technique, Material and Experimental Method. 

The contents of creatinine and thiosulphate in plasma were deter- 
mined after precipitating the proteins with tungstic acid, one volume 
of 10 % sodium wolframate, one of 2/3 n sulphuric acid and two of 
distilled water being added to one volume of plasma, the sediment 
thereafter being centrifuged off. 

The creatinine in blood and urine were determined spectiopboto- 
metrically at wave lengths of 530 and 500 respectively according to 

V were carried out by means of aid from the "King Christian 

^ Bequest”. 

■n -D Br. Hebman ILalckae for giving us his kind permission to borrow 

tue xJeckman spectrophotometer. 

17 — i80444. Actafhys.Scandinav. Vol.15. 
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Fomn’s method, including four control samples of known content in 
each test. Photometiy was applied at least one hour and less than 
seven hours after the addition of the picric acid and alkali, a period 
within which the values were found to remain constant. ’ ^ 

Thiosulphate. The determinations in plasma filtrate and urine were 
carried out by Claus Brun’s method (1948), which briefly consists oj 
diluting the sample with water and then to 3 ml. adding 1 ml. 2n hydro- 
chloric acid and one or two drops of 1 % starch solution, followed by 
titrating with n/1000 iodine in potassium iodide solution. The standard 
used was a n/400 sodium-thiosulphate solution stabilized with mer- 
curic cyanide. In the titration of urine and blood from rabbits and cats 
we found low blank values, for which correction was made. 

The material comprised 11 full-grown buck rabbits of various breeds 
and 10 full-grown cats of different breeds and sexes. 

The rabbits weighed- from 2 to SYa kg. Four were anaesthetized by 
subcutaneous injection of O.ss — 0.6 g. uretan per kg.; the others were 
not anaesthetized, with the result that anaesthesia was found to have 
no bearing on the tests. Fifteen to thirty minutes before commencing 
the experiment about 200 ml. lukewarm water was administered by 
stomach-tube to ensure ample diuresis. 

About Y 2 g. creatinine per kg. was injected subcutaneously before 
commencing. In more prolonged experiments it was found necessary 
to give a second injection later. In all cases at least an hour elapsed 
after the creatinine injection before the clearance periods began. 

The sodium-thiosulphate was injected subcutaneously dissolved in 
40 — 'to ml. water, once or more often during the experiment; here too 
about an hour was allowed to elapse between injection and the -begin- 
ning of the clearance periods. 

The clearance periods lasted from about 10 to 30 minutes. The clear- 
ance values shown are those that were found, without correction for 
the size of the animal. The catheter remained in position throughout, 
and the bladder was washed out with saline. The blood samples were 
taken from the carotid artery. 

The cats weighed from 2 to 5Y2 kg. and all were anaesthetized with 
about 1 g. uretan per kg. 

The technique otherwise was the same as in the rabbit tests, except 
that the catheter was stitched into the exposed vesica, and the urine 
and lavage water running out of the urethra were collected in a bowl. 

In a few cases the thiosulphate was injected into the cats intra- 
venously, 1— 4 g. in 5—20 ml. over a period of 3 to 10 minutes. In one 
experiment where the injection was given rapidly the animal vomited, 
this had also been observed by the previous investigators (3) after rapid 
injection. 


Results. 

Rabbits: A total of 56 simultaneous determinations of the cre- 
atinine and thiosulphate clearances were made on 11 rabbits. 
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’ mj% tMc9¥ifate i0 fiasma 

Fig. 1. The figure shows the result of comparative experiments on the creatinine 
and thiosulphate clearances with varying thiosulphate concentrations in the blood 
of 11 rabbits. It will be seen that the thiosulphate clearance, expressed as a 
percentage of the creatinine clearance, in the nine rabbits lies round about 100 % 
of the value. In two animals somewhat lower values were found. Various symbols 
are employed for the different animals. 

The creatinine concentration index varied between about 8 and 
120, and the creatinine clearance between 1.34: and 14.23 ml. 
per minute. . 

Tn fig. 1 the thiosulphate clearance is expressed as a percentage 
of the creatinine clearance. For two rabbits we found percentages 
distinctly below 100. If these two are disregarded, the dots of the 
other nine tests are distributed evenly about the identity line, 
the average being 99.9. Including the two. deviating results the 
average works out at 95.9. 

Table 1. 

Example of a rablit test. Despite varying thiosulphate concentration in the blood 
Md variations in both creatinine concentration index and clearance, there are 
identical values for thiosulphate and creatinine clearances. Rabbit 129, tested 

17-10-47. 
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Fig. 2. The figure shows the result of comparative experiments on the creatinine 
and thiosulphate clearances with varying thiosulphate concentrations in the blood 
of 11 cats* It will be seen that the thiosulphate clearance, which is expressed as 
a percentage of the creatinine clearance, with low blood concentrations reaches up 
over 200^ of the creatinine clearance, and that the difierence between the two 
clearances diminishes steadily with an increasing thiosulphate concentration in the 
blood. Various symbols are employed for the different animals. 


TMosulphate clearance 


was thus found to be independent of 


Creatinine clearance 
the thiosulphate concentration in the blood, which varied between 
19 and 274 mg %. And, as Table 1 shows, this ratio was found to 
be independent of variations in the concentration index and the 
clearance for creatinine within the limits of the test. 

Gats: A total of 78 simultaneous determinations of the thio- 


sulphate and creatinine clearances were made on 11 cats. 

The. creatinine concentration index varied from 30 to 78.9 
and the creatinine clearance from 0.17 to 17.5 ml. per min. The 
plasma creatinine concentration lay between 45 and 8 mg %, and 
the plasma thiosulphate concentration between 9 and 263 mg %. 
The determinations were made partly with a falling and partly 
with a rising plasma thiosulphate concentration. 

Fig. 2, on which all determinations from the 11 cats are plotted 
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Table 2. 

thiostilphate clearanoo 

Example of a cal test. The "rortinino clearanco “ 

falling thiosulphate concentration in the blood, whereas in this test, whore the 
diuresis was varied by intravenous sulphate injections, it was found to bo indepen- 
dent of the variation in the creatinine concentration index and the creatinine 
clearance. Cat, tested 11— 11-— 47. 


Urine 

period 

mg% Thio- 
sulfate in 
blood 

Creatinine 
concentra- 
tion index 

Creatinine 

clearance 

Thiosulfate 

clearance 

Thiosulfatc-Cl, 
Creatinine- Cl. 

1 ... 

95,7 

22.7 

9.08 

11.00 

129 

2 ... 

67 

28.25 

7.0 c 

10.75 

162 

3 ... 

60.G 

38.3 

7,gg 

13.08 

171 

4 ... 

40,7 

42.0 

G.30 

11.55 

183 

5 ... 

19.2 

39.0 

4.G-t 

11.88 

256 

6 ... 

16.2 

10.7 

6.84 

16,10 

235 

7 ... 

16.G 

4.82 

1.775 

3.03 

205 

8 ... 

19,8 

12.3 

0.171 

0.203 

173 

9 ... 

19,7 

6.93 

0.533 

l.n 

208 

10 ... 

19,2 

4.27 

1.33 

2.G2 

197 

11 ... 

19,2 

3.0 

0,173 

0.374 

216 


(without correction for the different sizes of the animals) shows 
that the thiosulphate clearance of cats with a low thiosulphate 
concentration in plasma is higher — up to twice as high —than 
the creatinine clearance. With an increasing plasma thiosulphate 
concentration this difference is diminished (in values of over 
about 200 mg % the difference presumably lies within the experi- 
mental error). As the injection of thiosulphate has a diuretic effect 
there was in most cases inverse proportionality between the blood 
thiosulphate concentration and the creatinine coneentration index; 
but m one test where the degree of the urine concentration was 
varied by intravenous injections of sulphate (Table 2), the rela- 
lon between thiosulphate and ereatinine clearance was found to 
vary only with the thiosulphate concentration in the blood, 
whereas it was unaffected by large variations in the creatinine 
concentration index and the creatinine clearance. 


Discussion and Conclusions. 

and tVii ^ having been found between the creatinine 

col L. thiosulphate 

ing creS r ”8 % Srerily wy- 

e reatmme concentration index and clearance, the thiosulphate 
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clearance within the said Kmits is just as good a measure of the 
renal filtration as the creatinine clearance. In two of the eleven 
tests, however, the thiosulphate clearance was found to be slightly 
lower than the creatinine clearance. There is no saying whether 
this was due to experimental error or there was a reabsorption of 
thiosulphate in the tubuli. 

Oats. No similar identity between the creatinine and thiosul- 
phate clearances was found in the cats such as that observed in 
man, dogs and rabbits. 

At very high thiosulphate concentrations in the blood the two 
values seem to coincide, it is true; but with falling blood concen- 
trations the thiosulphate-creatinine ratio rises, as will be seen 
from fig. 2. 

The difference observed between cats on the one hand and man, 
dogs and rabbits on the other, is easiest to explain by assuming 
that cats are able to secrete thiosulphate, for it is characteristic 
of secretion substances that with increasing plasma concentration 
comes self-depression with a fall in the clearance, which thereby 
approaches the value of the filtration. 

Summary. 

1. In rabbits, simultaneous determinations have demonstrated 
identity between creatinine and thiosulphate clearances in 9 tests 
though for two other animals the values for the thiosulphate clear- 
ance were slightly lower than for the creatinine clearance. 

2. In cats, on the other hand, the thiosulphate clearance when 
the plasma thiosulphate concentrations are low may have a value 
twice as high as that of the creatinine clearance, whereas with 
a rising plasma thiosulphate concentration the difference ap- 
proaches 0. Presumably the explanation is that the cat kidney 
can secrete thiosulphate. 
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In the past decade the problem o£ the blood supply to the 
brain during positive acceleration (from head to seat) has been 
keenly discussed in aviation medicine. With an acceleration of 
+ 5 g consciousness can generally be maintained for 15 seconds 
or more (Eui'i’ and Stbughold 1944, McEabland 1946), in spite 
of the fact that the weight of the blood increases 5 times,- i. e. 
approaches that of melted iron. The heart would be forced to lift 
the heavy column of blood from the level of the heart to that of 
the brain, while, at the same time, the reflux of blood to the 
heart, and the consequent diastolic filling of the ventricles, is con- 
siderably reduced. 

A study of a schematic drawing of the circulatiou through the 
neck and brain immediately suggests the question whether a 
siphonic effect is, possibly, in evidence. When hydrostatic pres- 
sure reaches such a height as to cause a negative blood pressure 
in the skull, can it be, then, that the supply of blood to the brain 
k effectuated by a siphonic function of the blood system, with 
the carotids as an afferent and the jugular veins as an efferent 
shank? Supposing that Level I in Pig. 1 would mark a sufficient 
height of pressure at rest to overcome the resistance in the brain 
and impart to the blood an adequate velocity, this would mean 
that at an acceleration of -f 5 g it would suffice if the blood were 
pumped up to Level II (h/5). The only increase in cardiac activity 
requue would involve that relatively insignificant component 
w 1 C produces the acceleration of the blood itself. However, in 
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order to maintain a siphonic effect, the vascular lumina must 
nowhere collapse under the trials indicated here, thereby break- 
ing the siphonic function. The weak points are the jugular veins 
and the small vessels within the skull cavity. The siphon theory 
(v. Diringshoeen 1937, Ranke 1938) has 
previously categorically been repudiated for 
the reason that the jugular veins must give 
way even at but a slight drawing effect. On 
the other hand, Ranke (1938), with regard 
to the small cerebral vessels, has stressed 
the significance of the interplay between the 
hemodynamic vascular system and the hyd- 
rostatic system of the cerebrospinal fluid, 
which may conceivably save the cerebral 
vessels from collapsing. 

The purpose of the present investigation is 
to subject the possibilities of a siphonic effect 
in the course of acceleration to a close ex- 
amination. It divides itself into two parts, 
as follows: How strong is the resistance to 
pressure of the jugular veins? And what 
Fig 1 Schematic ^^^tors will affect the circulation within the 

drawing of the hemo- skull cavity? 
dynamic and the hyd- 
rostatic system in. the 
brain. If the hemody- 

uri‘'s5o“Srbioo'd I. Regarding the Resistance of the Jug- 

at an acceleration of ular Veins to Pressure. 

5 g need only be pump- 
ed to position II (h/6 , , , • i i 

of position I). The problem has previously been grappled 

with simply by freezing rabbits under centri- 
fugation (Romberg 1939). Section through the throat showed 
the veins to have collapsed. Since, at the same time, the 
cardiac cavities were empty of blood and the blood collected 
in the abdomen and hind legs, such experiments, of course, 
explain nothing regarding the resistance of the jugular veins 
when the heart pumps a reasonably adequate amount of 
blood. As a matter of fact, clinical experience shows that the 
jugular veins are fairly resistant to pressure. Queckenstedt’s sign 
is more marked the stronger the pressure on the neck, i. e. the 
more compressed the jugular veins. With a sufficient discharge 
through the plexus vertebralis, an increased compression should 
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not, after a complete collapse of the veks, cause any further rise 

in the pressure of the cerebrospinal fluid. i . .i t \ 

Attempts at determining this limit have been made m the fol- 
lowing manner: 

The pressure on the neck has been exerted by means of a tightly 
fitting blood pressure cuff, 5.5 cm broad, the pressure in it being 
varied. The pressure of the cerebrospinal fluid has, at the same time, 
been measured with Lagebgben’s (1937) apparatus. 
mentarium consists of a capsule, with a mirror for optical registratio , 



Fig. 2. The rise in the pressure of tbe cerebrospinal fluid (the ordinate) at varying 
rises in pressure in a cuff round the neck (the abscissa) for *10 seconds and “lo 

seconds. 


connected to the lumbar needle by means of a rubber tube containing 
a physiological saline solution. Since the registration at strong com- 
pression exceeded the breadth of the film it was, in those instances, 
recorded directly on a scale. Five patients at the Sorafimer Hospital, 
28—60 years of age, were examined. The cuff pressure was main- 
tained for 10—15 seconds. Then the rise in the pressure of the cere- 
brospinal fluid had, as a rule, reached its maximum. Fig. 2, con- 
cerning the 60-year-oId patient, may serve as. an instance. The cros- 
ses indicate the pressure of the cerebrospinal fluid after 10, the rings 
in another series after 15 seconds of stasis. Only at a pressure iu the 
cuff (the abscissa) of >• 110 mm Hg, the curve reveals a tendency to 
turn horizontally. Consequently, a further increase in pressure in 
the cuff could not be expected to produce any additional effect, i. e. 
the jugular veins had collapsed. In another case the collapse seemed 
to have occurred at 120 mm Hg. But in the remaining three cases 
e cuTve linear up to 125, 140 and 150 mm Hg, respectively. 

If the distance between the basis of the skull and the hydro- 
static reference point of the venous system in the upper half of the 
0 y, in or just above the heart, he estimated at 15 — 20 cm, the 
awing e ect at an acceleration of 5 g would keep within the 
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limits of 80 — 100 mm Hg. Keeping in mind the results of the 
Queckenstedt experiment, it seems unlikely that the veins would 
collapse. True, the effective pressure on the veins must, obviously, 
amount to considerably less than the measured pressure in the 
®^ff> but, conversely, the actual drawing pressure in the vessels 
cannot be 100 per cent effective. 

II. The Interplay Between the Pressure in the Blood 
Tescels and the Cerebrospinal Fluid in the Skull Cavity. 

Together with the dural sac around the medulla spinalis the 
skull constitutes a firm capsule. Yet, the dural sac is not alto- 
gether inadaptable. Because of this, the pressure of the cere- 
brospinal fluid in an erect position is negative in the cranial 
cavity. As shown by Antoni (1932) the zero point, i. e. the hydro- 
static reference point, is situated some centimetres below the oc- 
cipital foramen. Owing to its increased weight under positive 
acceleration, the cerebrospinal fluid would be forced down into 
the dural sac, thus causing a further fall in the pressure within 
the cranial cavity. It is, however, hardly probable that such a 
reduction in pressure would be sufficient to balance the falh'ng 
blood pressure in the small vessels. In all likelihood, other pro- 
tective mechanisms come into operation. In experiments on cat. 
Fog (1933) has shown that but a moderate rise in the pressure 
of the cerebrospinal fluid (not affecting the blood pressure in the 
large arteries) causes a dilatation of the pial arteries. Inter alia, 
at bleeding experiments (1937, 1939), a corresponding dilatation 
sets in (though only after an initial, probably passive reduction in 
calibre), a fact suggesting that not the absolute pressure of the 
cerebrospinal fluid but the interrelation between this pressure 
and that of the blood constitutes the eliciting factor in the mech- 
anism. The very fact that children do not lose consciousness when 
screaming long and persistently indicates the probability of the 
existence of such a mechanism also in Man. As shown by Hamil- 
ton and his collaborators (1936, 1944), among others, the pres- 
sure of the cerebrospinal fluid rises parallel to the increase in 
pressure in the thorax and can, in the course of screaming, be- 
come considerable. The intrathoracic pressure is rapidly, and 
practically without being diminished, conveyed to the small 
cerebral vessels. The simultaneous rise in pressure in the large 
intrathoracic arteries must necessarily be inadequate to compen- 
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sate for the increased extravascnlar pressure in the cranial cavity, 
iitrLg that the arterial pressure is markedly reduced in the 

It is difficult to observe directly the pial arteries in Man. How- 
ever, the problem can be approached by a detour. "When 
sure of the cerebrospinal fluid is increased above the probable 
rest pressure in the cerebral capillaries (the capillary pressure 
must, reasonably, keep around the sum of the coUoid-osmotic 
pressure of the blood and the pressure of the cerebrospinal umd 
in order to ensure an optimal exchange of fluid between blood 
and tissue, i. e. amount to approximately 35 ± 10 mm Hg in a 
supine position), either the capillaries must collapse, involving in 
the first place the loss of consciousness, or the pressure must in 
some way be increased in the capillaries. This rise in the pressure 
can be achieved via Fog’s previously mentioned mechanism, or 
by increasing the pressure in the arteries. CusHiNG (2), ds early 
as in 1901, demonstrated on dogs the fact that an experimental 
rise in the pressure of the cerebrospinal fluid leads to a pro- 
nounced general rise in the blood pressure. However, this does not 
set in until the pressure in the cerebrospinal fluid reaches an extent 
approaching that of the large arteries. (Cp. further investigations 
by Freeman and Jefpers (1939) and Forster (1943).) 


After a few initial experiments, in which the pressure in the lum- 
bar fluid was increased by raising a level bulb, containing a physiolog- 
ical saline solution, connected with the lumbar needle under con- 
tinuous blood pressure controls, an attempt was made at double 
punction according to the following process. 

The test person was a 26-year-old seaman who was being treated 
at the Nerve^ Clinic for a suspected medullary tumor, necessitating 
double punction acc, Lagergeen. After registration of the pressure 
in the cisterna magna and in the lumbar canal, 6 cc were drained from 
either needle. The pressure then equalled 1 cm HoO. A straight tube 
was now applied for pressure registration at the suboccipital needle 
and the level bulb was coupled to the lumbar needle. The investiga- 
tion record is illustrated in Fig. 3. It was found that the pressure 
in the cisterna magna responded but sluggishly to elevations of the 
level bulb (cp. investigations by Wolfe and collaborators 1941, 
S’ iuuuediate conclusions can be drawn from the height 

ot the level bulb regarding the pressure in the cranial cavity. The 
pressure in the cisterna magna was gradually raised to 66 cm of water 
above the initial pressure, i. e. 

The blood pressure in the arm, 
gical) way, rose only by 5 mm Hi 
from 60-80. The patient felt w 


an overpressure of > 40 mm Hg. 
measured in the ordinary (non-sur- 
, while the pulse frequency increased 
ill throughout, but towards the end 
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Fig. 3. The interrelation of the blood pressure x x x and the pulse 

• • • under artificial rise in pressure O c c in the 

cranial cavity. 


of the examination he complained of an unpleasant sensation in the 
back. 


Since the pressure of the cerebrospinal fluid increased con- 
siderably above an acceptable rest pressure in the cerebral ca- 
pillaries while the pressure in art. brachialis remained practically 
unchanged, it is necessary in this instance to presuppose that 
Fog’s mechanism, or some similar one, has been in action. 


During the preliminary experiments the systolic 
one case rose by 10 mm Hg when the level bulb was lifted by 40 cm. 
In another case, no increase occurred at an elevation oi 50 cm. In 
both instances, the level bulb was kept elevated for such a long time 
that the pressure balance had probably had time to take place. 


Summing up, it will seem likely that the jugular veins do not 
collapse at the drawing effect that may occur in these vessels at 
an acceleration of < 6 g. Further, it appears possible that the 
physical play of balance between the hemodynamic and hydro- 
static system in the brain, together with Fog’s mechanism, might 
simultaneously prevent a collapse of tie small vessels in the brain. 
In these circumstances, it would be conceivable that the circu a- 
tion in the brain was rendered possible (or at any rate facihtated) 
through a siphonic effect, thus being maintained as long as the 
reflux of blood to the heart is adequate. 

In the summer of 1947, Wood and collaborators published 
their results on this subject. They were in a position to show that 
under positive acceleration the blood pressure will, to begin with, 
faU but that as soon as after 6—7 seconds it again rises to values 
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considerably above the rest value, this in a rather surprising 

manner. , . 

As far as known, no similar reaction has ever been observed, m 

arterial orthostatic anemia. Not unlikely, this is a manifestation 
of Cushing’s mechanism at a strong overpressure in the cere- 
brospinal fluid, being the last line of defence of the cerebral 
circulation, mobilized when the play of balance between the 
blood and the cerebrospinal fluid and Fog’s reflex have proved 
insufficient. Finally, it should be noted that the rise in pressure 
ascertained by Wood seems necessary to explain the resistance 
of the eye to black-out, since the eye is situated outside the cran- 
ial cavity. 


Summary. 

The possibility that the blood circulation in the brain, in an 
erect position, particularly under the influence of higher degrees of 
positive acceleration, is facilitated by a siphonic effect (fig. 1) is 
discussed. A prerequisite for this is that the vessels do not close 
at any point of the siphon. The weak points are the jugular veins 
and the small vessels in the brain. Direct measurements of the 
pressure of the cerebrospinal fluid during compression tests on 
the neck show that the jugular veins are far more pressure- 
resistant than was earlier believed. It seems plausible that the . 
small vessels in the brain are, in the first place, protected from 
collapse by the hydrostatic equilibrium between the blood and 
the cerebrospinal fluid. In all probability, a local artery-dilating 
mechanism, at imminent over-pressure in the cerebrospinal fluid, 
will contribute towards keeping the vessels open. It has been shown 
in Man that the pressure in the cerebrospinal fluid can be raised 
to degrees above the probable pressure in the cerebral capillaries 
without loss of consciousness and without any significant increase 
of the blood pressure. 
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The studies which Camus and Eoussy (1920), Bailey and 
Beemer (1921), SmTH (1926), Biggert and Alexander (1930), 
Bustamente, Spate and Weisschedel (1942), and oth.ers, h.ave 
made on rats, rabbits, and dogs showed that damage to the dien- 
cephalon may induce atrophy of the genital organs. Dby (1942, 
1943) wrote that these changes do not occur unless the median 
eminence is damaged. 

Harris (1927) and Haterius (1937) found that electrical stim- 
ulation of a certain area within the diencephalon induces ovula- 
tion in rabbits. According to Westman and Jacobson (1937) 
this effect is not produced after transection of the pituitary stalk. 
Westman, Jacobson and Hillarp (1943) found that tke rliythm 
of the reproductive cycle is modified in rats and rabbits after this 
operation. XJotila (1940) did not observe these changes after 
transection of the pituitary stalk in rats. 

In the light of these conflicting reports it is obviously de- 
sirable to obtain additional information as to the importance of 
the intact connection between the diencephalon and the pituitary 
in the production of gonadotropic hormones in the adenophypo- 
physis. Such a study, however, presents great difficulties. In 
operations on the pituitary stalk there is danger of inadvertent 
amage to the adjacent organs and of disturbance of the blood 

t is at present difficult to determine the exact signifi- 
cance of either. 
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In ord.6r to got a bettor idea of tbo function of tbo bypopbyseal- 
diencepbalic system we have recently made experiments with 
radioactive isotopes (Borell, Westman and Oestrom 1947). 
Tbis method has the advantage that one escapes performing an 
operation. The experiments were made on rabbits in which mating 
induces ovulation. In the tuber cinereum and adenohypophysis 
there is, immediately after coitus, a marked increase not only in 
the turnover of the radioactive phosphate but also in the 
formation of the phosphate esters which appear in the carbo- 
hydrate metabolism. With this technique it was possible to de- 
monstrate that similar metabolic changes occur in the tuber cine- 
reum and adenohypophysis at such time as the incretion of 
gonadotropin in sufficient quantities to induce ovulation has set 
in. Against this background the hypophyseal and diencephalic 
systems seems to constitute a functional unity. We were, therefore, 
interested in making similar studies on spontaneously ovulating 
animals to determine whether the phosphate metabolism in the 
diencephalon, adenohypophysis and ovaries is modified during 
the phases of the reproductive cycle. The experiments described 
in the following were made on rats. 


Methods and Material. 

81 rats of our own breed weighing between 135 and 295 g. were 
used. Their approximate mean weight was 200 g. In order to ascer- 
tain the phase of the reproductive cycle and whether it was regular 
or not the vaginal smear of each animal was studied for at least 
three weeks before the beginning of each experiment. The animals 
were divided into four groups, depending on whether they were in 
prooestrus, oestrus metoestrus or dioestrus. Forty minutes after 
the intrap eritoneal injection of O.02 mC as free phosphate dis- 
solved in 5 per cent glucose the animals were sacrificed by decapitation. 
The tuber cinereum, adenohypophysis, ovaries, cerebellum and blood 
were first combusted with II2SO4 and then their total contents of 
both phosphate and radioactivity determined. The total phosphate 
content was determined by the routine colorimetric method, and the 
radioactivity measured with the aid of the Geiger-Mueller-counter 
(for details of these methods see Borell and Oestrom, 1945 — ^1947, 
and Borell, Westman and Oestrom, 1947). 

Owing to the fact that the phosphate content of some of these 
organs is very small, the organs of two and sometimes even of three 
animals were united to obtain .measurable amounts of phosphate. 
The values obtained are expressed in terms of specific activity, i. e. 
number of impulses per a P and of relative specific activity, where 
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both the cerebellum and blood have been used as standards. 
The specific activities measured in the cerebellum and blood ■were 
regarded as standards (=1) and the specific activities measured in 
the other organs were referred to them (Borell and Orstrom, 
1945—1947, Borell, Westman and Orstrom, 1947). The deter- 
mination of the specific activity alone has the advantage that the 
factor of correction is reduced and directer values of the phosphate 
metabolism are thus obtained. 

If the concentrations of the radioactivity between the animals 
•were always equal and the biological variations negligible the specific 
activity would be adequate and yield comparable values. The con- 
centrations of however, vary more or less not only between the 
animals but also between different series of experiments. Hence, one 
has to refer the specific activity to a standard (= relative specific 
activity), otherwise the values^ are not comparable. 

In earlier papers (Borell, Orstrom, 1946 — 1947, Borell, West- 
man, Orstrom, 1947) we have used the specific activity of the cere- 
bellum as a standard in the determination of the phosphate turnover 
in the different parts of the brain. Naturally, also blood can be used 
as a standard. Many authors, mainly Hevesm (1940), hold that the 
specific activity in the blood plasma would be best suited for use as 
a standard. 

We used whole blood instead of blood plasma in our measurements 
of the relative specific activity, owing to the technical difficulties 
which the determinations on such small quantities of blood, as are 
accessible in experiments on rats, present. 

In order to determine which specific activity, i. e. that in the 
cerebellum or that in the blood, is closer correlated to the organs 
studied, we made a series of determinations of correlation. Table 1 
shows the results obtained. 

The lower the value the lesser the degree of correlation. The sta- 
tistical significance of the correlations was determined by the t- 
analysis. 


Table 1. 


The coefficients of correlation of the specific activity. 



r 

t 

degrees 

of 

freedom 

P 

Blood-cerebellum . . 

0.G7G 

0.48G 

0.498 

1 n o 


32 

32 

30 

< O.ooi 

< O.Ol 

< O.Ol 

» tuber cinereum . . 

o.iy 

» adeno-hypophvsis . . . 

0.14: 

» ovary , . . . 

O.lu 

CerebeUum-tuber ciuereuia 

U.boo 

1 0.7 G4 
0.G91 

1 n A o 

4.94 

fi A A 

32 

32 

30 

< O.ooi 

^ adeno-hypopbysis 

® ovary . . * 

b.o9 

5.24 

5.G0 

< O.ooi 

< O.ooi 

18--4804W. Actaphys.Scandina 

1 U.703 

y. Voi.15 

32 

1 < O.ooi 
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Table 2. 

The specific' activity and the relative specific activity in the organs 
examined during different phases of the sexual cycle. 


a. specific activity, b. relative specific activity (specific activity of cerebel- 
lum == 1) c. relative specific activity (specific activity of blood = 1). 


Number of 
observations 

Prooestrus 


Metoestrus 

Dioestrus 

6 


7 

9 

a 

■1 

m 

a 

b 

c 

a 

b 

c 

a 

b 

c 

Tuber cinereum . . 

0.65 

3.15 

0.052 

0.51 

2.46 

0.035 

0.61 

2.61 0.034 

0.56 

1.95 

0.035 

Adeno-bypophysis 

3.33 

16.4 

0.28 

2.92 

14.0 

0.20 

3.43 

14.5 

0.31 

3.11 

12.6 

0.21 

Ovary 

7.55 

37.1 

0.6O 

6.95 

34.1 

0.46 

7.25 31.5 

0.47 

9.31 

36.6 

O.GO 

Cerebellum 

0.21 

1.0 

0.018 

0.21 

1.0 

0.014 

0.24 

1.0 

0.014 

0.26 

1.0 

0.017 

Blood 

12.7 

62.6 

1.0 

15.1 

75.8 

1.0 

16.0 i69.6 |1.0 1 

15.9 

70.6 

1.0 


From Table 1 it is evident that the degree of correlation of the 
tuber cinereum and adenohypophysis with the cerebellum is higher 
than with the blood. Irrespective of whether the cerebellum or the 
blood are used as standards the coefficients of correlation are statis- 
tically significant. Concerning the ovary the correlation with the blood 
is slightly higher than its correlation with the cerebellum. In either 
case the values obtained are statistically significant with p-values 
<0.001. Of all organs studied, the correlation of the cerebellum with 
the blood is highest. 

The objection may be raised that the values used in the measure- 
ments discussed above are heterogeneous because possible variations 
caused by the cyclic phases have not been taken into account. How- 
ever, the difference between the coefficient of correlation for each 
phase of the cycle and that which is found if all cyclic phases are 
taken together, is negligible. 

It is thus evident that the cerebellum is best suited for use as a 
standard in the measurements of the relative specific activity in the 
tuber cinereum and adenohypophysis because the coefficient of 
correlation of the cerebellum is higher than that of the blood. As 
regards the ovary, both the cerebellum and the blood can be used as 
standards because here the coefficients of correlation are practically 
identical. 


Results. 

Table 2 and Fig. 1 show the results obtained. 

Tuber cinereum and adenohypophysis. The tuber cinereum and 
the adenohypophysis have a very high phosphate turnover during 
prooestrus independent of how the values are computed. The 
phosphate turnover in the tuber cinereum reaches its peak during 
this phase of the cycle. During oestrus the values decrease. This 
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Pig. 1. 


The relative specific activity in tho tuber cinercum, ndcno-liy 
ovary and blood during different phases of tho sexual cycle 




deraease is ako noticeable if tie relative specific activity is dcter- 

standard. After another rise during 
metoestrus tie values feU again during dioestrus. ® 
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Table 3. 

The P values ' of the difference between the phosphate turnover during 
the different phases of the sexual cycle. 


Specific activity 

1 

Tuber cine- 
reum 

Adeno-hypo- 
physis j 

Oestrus 

Dioestrus 

Oestrus 

Dioestrus 

Proestrus 

Metoestrus 

Dioestrus 

< 6.3 

< 0.5 

1 

< 0.3 

“ 1 

- 

Relative specific 
activity (cere- 
bellura — 1) 

Tuber cine- 
reum 

Adeno-hypo- 

physis 

Oestrus 

Dioestrus 

Oestrus 

Dioestrus 

< 0.05 

< 0.001 

< 0.2- 
< 0.2 

< 0.05 

1 

< 0.4 


Ovary. In the ovaries the specific activity is markedly higher 
during prooestrus and dioestrus than during the other phases. 
This is particularly conspicuous if blood is used as a standard. 

In Table 2 we have recorded also the values of the specific 
activity determined in the cerebellum and blood because here the 
variations do not run parallel with those observed in the other 
organs studied. Hence, the variations in the tuber cinereum, ade- 
nohypophysis and ovary are not brought about by generalized 
changes in the phosphate turnover. 

The statistical significance of the results of the measurements 
discussed above was determined by the t-analysis. Values of 
P ^ 0.01 were looked upon as statistically significant and values 
between 0.01 and 0.05 were assessed as statistically probable. The 
results of these measurements show that the increase in the phos- 
phate turnover in the tuber cinereum between dioestrus and pro- 
oestrus is statistically significant and its decrease in this part of 
the brain between prooestrus and oestrus, and between metoes- 
trus and dioestrus are statistically probable (Table 3). 

From the statistical point of view, no differences in the phos- 
phate turnover in the adenohypophysis were observed during 
the different phases of the reproductive cycle. It is, however, 
worthy of emphasis that these variations are similar in type to 
those observed in the tuber cinereum. In the ovary both the 
decrease in the phosphate turnover between prooestrus and oes- 
trus, and its increase during dioestrus are statistically significant. 

1 Meaus that the differences are obviously so small, that they can not be statis- 
tically significant. 
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In order to illustrate the importance of the measurements of 
the relative specific activity, we have recorded m Table 3 also 
some values of the specific activity in the tuber cmereum and 
adenohypophysis. These values show that measurements based on 
the specific activity do not yield any statistically significant M- 
ferences. This is probably due to the great dispersion of the indi- 
vidual values. The relative specific activities, however, yield sta- 
tistically probable and significant differences. 

The difference in the specific activity in the tuber cinereum 
between dioestrus and prooestrus, for instance, has a p-value 
<0.5 whereas the corresponding difference in the relative specific 
activity has a p-value <0.001. 


Discussion. 

The observations discussed in this study have shown that in 
rats the values of the relative specific activity in the tuber cine- 
reum and adenohypophysis are high during prooestxus, i. e., at 
such time as the development of the large follicles tahes place. 
It is reasonable to assume that the intensification of the meta- 
bolic activity in the organs stated above is brought about by an 
increase in the activity in the diencephalon which in its turn 
causes an increase in the production of gonadotropic hormone. 
During oestrus the relative specific activity declines. There is a 
striking parallelism between these findings and our earlier observa- 
tions on rabbits, i. e., the phosphate turnover in the tuber cinereum 
and adenohypophysis begins to increase immediately after coitus 
and continues steadily to increase for 30 minutes. Then it decreases 
again with resultant low values at the time of ovulation. These 
findings suggest that the period of proestrus in spontaneously 
ovulating animals corresponds to the period of time just after 
coitus in animals in which mating induces ovulation. 

The phosphate turnover in the tuber cinereum and adeno- 
hypophysis increases slightly also in rats during metoestrus, i. e., 
^ such time as the development of the corpus luteum takes place. 

e production of gonadotropic hormone is probably intensified 
a so^ in this phase. During dioestrus the hormonal activity is 
oWusly lesser tian daring the other phases. 

i'ti interesting that the phosphate turnover 

vu Parallel to that in the adenohypophysis 

g e ifferent phases of the reproductive cycle. This obser- 
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vation lends further support to the assumption that the hypo- 
physeal and diencephalic systems should he regarded as a func- 
tional unity. 

In the ovary the phosphate turnover is high during prooestrus, 
i. e. when follicular maturation takes place. Another peak is 
■ observed during dioestrus. The variations in the phosphate 
turnover show that the ovarian metabolic activity is modified 
during each phase of the reproductive cycle. It is at present not 
. possible to determine the functional importance of the changes 
in the phosphate turnover because experiments on pregnant 
and pseudo-pregnant animals have not yet been made. This prob- 
lem will be dealt with in another paper. 

Summary. 

In the present study experiments were made on rats to demon- 
strate by means of radioactive phosphorus the phosphate turn- 
over in the tuber cinereum, adenohypophysis and ovaries during 
the phases of the reproductive cycle. The following results were 
obtained. 

1° Tuber cinereum. The phosphate turnover reaches its peak 
during prooestrus. During the following phases it is markedly 
depressed. 

2° Adenohypophysis. The phosphate turnover is considerably 
greater than in the tuber cinereum. Also in the adeno- 
hypophysis maximum metabolic activity was observed du- 
ring prooestrus. 

00 Ovary. The phosphate turnover is most intense during pro- 
oestrus and dioestrus. 

4;0 These observations lend further support to the assumption 
that, from the functional point of view, the hypophyseal and 
diencephalic systems should be looked upon as a unity. 
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Conflicting views prevail in the literature about the site of 
formation of serum proteins. Concerning fibrinogen and albumin 
evidence is accumulating to indicate that these proteins come from 
the liver, but in the debate about the source of globulin hardly 
an organ or body cell escapes attention as the possible site of 
formation. 

For several years we have been interested in the function of the 
lymphocytes and plasma cells. According to Andrbasen (1939, 
1943, 1946) the small lymphocytes are “protein cells” of signif- 
icance in the normal protein metabolism whereas studies of 
Bing and co-workers (1937, 1940, 1944) show that there are 
reasons for assuming that the plasma cells play a part in the for- 
mation of serum globulin. Recent contributions from other la- 
oratories on lymphocytes (Dougherty, Chase and White 1944, 
White and Dougherty 1945, 1946 and Ehrich 1946) and on 
plasma cells (Bjorneboe and Gormsen 1943, Bjornebob, Gorsi- 
SEN and Lundquist 1947 and Fagraius 1946, 1948) point in the 
same direction and indicate that studies on the formation of 
serum globulin now center about these two types of cells. In 
Freund’s review the literature, up to 1947, is summarized. 

' This work was subsidized by grants from “Kong Christian den Tiendes Fond” 
and “Frk. P. A. Brandts Legat” (to E, A. and to J. B.) and from 'T. Carl Peter- 
sens Fond” (to 0. G.)- 
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Both lymphocytes and plasma cells are charactetistic com 
ponents of the lymphoid organs; it was natural therefore that 
we in the course of working out an experimental technique tor 
the subtotal removal of the lymphoid organs tried to get addi- 
tional information about the influence of these organs on the 
serum proteins. 


Material and Method. 


The animals employed were 98 inbred rats of ages between 2/3 
and 8Va months. The operative method has been described in this 
journal (Andreasen and Gottlieb, 194Y). In most cases the present 
investigations comprised subtotal extirpations, i. e. combinations of 
thymectomy, splenectomy and subtotal adenectomy (25 animals). 
The first 5 subtotal extirpations were made in three seances, thym- 
ectomy first, the neck operations about two weeks later, and la- 
parotomy after a further three weeks. The rest of the animals was 
operated in one seance. In this series the removal of the thoracic 
lymph nodes was not so radical as it is technically possible, only tbe 
most easily accessible of the bronchial nodes being removed. For 
comparison we performed isolated thymectomy in a few cases (4 
animals) and in others splenectomy plus subtotal adenectomy, pre- 
serving the thymus and all bronchial lymph nodes (4 animals). 

The control material was twofold; "Negative” control with 37 
normal animals, and “positive” control of 28 sham operated animals. 
The latter were treated in a manner which, in respect of anesthesia, 
incisions, bleeding, suturing and other handling was as close an imita- 
tion of the actual operations as possible when the lymphoid organs in 
the field of the operations were to be left intact. 

For the protein determinations we used heart blood taken in direct 
association with the killing of the animals. After opening the thorax 
under ether anesthesia the blood was caught in dry centrifuge tubes 
from a snip in the heart wall itself. In 3 cases while taking the blood 
samples we observed an admixture from tbe thorax of a turbid, milky 
fluid of unknown origin. These samples gave analysis results deviating 

greatly from the others and have therefore been left out of considera- 
tion. 


The semm^ protein determinations were made by Henriques 
and Clausen’s method with Kjeldahl determination and fractiona- 
ing he proteins by means of semisaturation with ammonium sul- 
p a e at a constant pH and constant total protein content. 
lowii^B experiments have been conducted under the fol- 

a2t for 48 hrs. at 5° C. 

ionic streneth a°i strength O.i, sodium fluoride, 

buffer to ahonf \ ’ dialysation sera were diluted with 

1 per cent, content of protein (.dn O.ooiss); the sera 
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in experiment no, 5 and 12 however were diluted still more. The 
potential gradient was about 6 volts/cm.; the temperature in the 
thermostat about 0.5° C, The experimental period varied from 17400 
to 21 420 sec. 


Serum Proteins in Normal and Operated Eats. 

Notmal Rats. The results of the protein analyses on serum from 
37 rats are presented graphically in fig. 1, where they are grouped 
according to the age and sex of the animals. Owing to the small num- 
ber of animals used and their uneven distribution according to the 
age and sex, we cannot decide whether there is any variation due to 
these factors, except that a group of young females {4}j, months 
old) seems to be placed at a somewhat higher value in comparison 
, to a group of older males (8V2 months old); the average values of 
total serum proteins in females and in males are 5.85 and 6.41 
per cent, respectively. 

The difference seems to affect the albumin as well as the glo- 
bulin, the average values in female and male rats being 3.39 and 
3.15 per cent, albumin and 2.50 and 2.24 per cent globulin re- 
spectively. The relative alburnin percentage, f. e. the percentage 
of albumin to the total protein, varies between 60 and 68 per cent, 
throughout this normal material, with the same average value: 
58 for both sexes. 

■ Sham operated control animals. The results of the analyses are 
shown in the table 1. The total serum protein was found to be 
unchanged, whereas there in some cases was a transitory increase 
of the globulin values, which in a few cases rose to over 3.00 per 
cent. At the same time the albumin percentage was correspondingly 
lower, so that the total serum protein was maintained. Accordingly, 
the relative albumin percentage was found to be reduced (the 
lowest value found being 44 per cent.). 

The changes may be due to inevitable slight infections. Post- 
operative wound processes therefore cause formation of anti- 
bodies. 

Operated animals. The results of the analyses are given in table 
2 and are presented graphically in fig. 1 together with the values 
from the normal rats. No change was found in the total serum 
protein. The globulin values varied in some cases during the 
first part of the post-operative period in the same manner as in 
some of the sham operated animals. For example in rat no, 231, 
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Table 1. 


Results of Ptotein jLndlysis on ScTum fTotn Shcim 
Operated Rats. 


No. 

Age 

Weight 

• Sex 

Days 

after 

operat 

Total 

Protein 

Albumir 

Globulii 

j Belative 
Albumin 

-After sham subtotal extirpation 


months 

g- 

' 

' 

% 

0/ 

/o 

0/ 

/o 

% 

745 

2V2 

163 

? 

2 

5.51 

2.93 

2.58 

53 

247 

2 Vo 

118 


2 

5.10 

3.21 

1.89 

63 

739 

2 Vo 

153 

$ 

2 

5.49 

2.90 

2.59 

53 

749 

2 Vo 

155 

? 

1 2 

5.74 

2.96 

2.78 

51 

736 

2 Vo 

155 

$ 

3 

5.60 

3.00 

2.60 

64 

254 

2 Vo 

137 

c? 

7 

5.13 

' 2.36 

2.77 

46 

234 

1 4 

125 

? 

10 

5.60 

2.60 

3.00 

48 

803 

7 Vo 

300 

c? 

14 

5.48 

2.61 

2.87 

47.6 

802 

7 

247 

c? 

15 

5.53 

2.85 

2.68 

51.5 

801 

7 Vo 

266 


25 

5.03 

3.07 

1.96 

61.1 

796 

7V4 

274 

3 

30 

5.27 

3.04 

2.23 

57.6 

791 

7V4 

234 

3 

33 

5.26 

2.98 

2.28 

56.6 

236 

4 Vo 

158 

? 

34 

6.28 

3.73 

2.55 

60 

263 

5 

191 

9 

34 

6.20 

3.14 

3.06 

51 

259 

5 

170 

9 

44 

6.28 

3.64 

2.64 

68 

260 

5 

177 

9 

45 

6.10 

3.06 

3.04 

50 

257 

5 

160 

9 

46 

6.98 1 

3.65 

2.33 1 

61 

788 

8 

226 

3 

57 

6.30 

3,56 ) 

2.74 1 

56.5 

786 

8 

216 

(? 

61 , 

6.52 

3A7 

2.05 

62.8 

782 

8 

210 1 

C? 

65 / 

5.68 1 

3,24 1 

2.44 I 

57 

After sham thymectomy 

243 1 

2V. 

129 

3 

2 1 


3.39 

1.51 

69 


2 Vo 

119 

9 

7 

Ein 

2.38 

2.92 

45 

233 

4 

181 

9 


5.39 

2.88 

2.51 

54 

226 

4 Vo 

194 

9 

35 1 

6.03 1 

3.67 

2.36 

61 

After sham adenectomy and splenectomy 

245 

2 Vo 

112 

9 

2 

5.03 

3.18 


63 

252 

2 4 

134 

9 

7 

5.28 

2.31 

BHI 

44 

230 

4 

142 

0 

10 

5.76 

3.35 

Qsn 

68 

227 

4 Vo 

184 

9 

35 

5.85 

3.72 

2.13 1 

64 

Average of all sham operated rats 

5.59 

3.10 

2.49 

65.6 


•we found on the 10th day 3.36 per cent, globulin, 2.29 per cent, 
albumin and a relative albumin percentage of 41. No difference 
was found in the results of the different operations. 

The electrophoresis studies were carried out -mth blood from 
all three groups of rats. Blood samples were examined at different 
intervals (varying from 15 to 64 days) after subtotal extirpations 
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Table 2. 

Results of Protein Analysis on Serum from Operated Rats. 


1 


Weight 

Sex 

Days 

after 

operat. 

Total 

Protein 

Albumil 

1 

a Globulii 

Relative 

Albumin 

After ^subtotal extirpation 

738 

734 

253 

231 

805 

799 

800 
795 
794 
239 
262 
261 
258 
256 

38 
792 
789 
785 
i 46 
44 
40 
78 1 

montbs 

4V2 

2V2 

4 

7V2 

7 

7V4 

7V4 

7V4 

5 

5 

5 

6 

8 

8 

8 

8% 

® Vi I 

8 Vi 

7 Vi I 

! g- 
1 174 

148 

' 122 
, 151 

j 288 

■I 205 

1 218 

1 220 
! 171 

i 174 

1 184 

182 
166 
175 
208 
201 
190 
208 
258 
215 
220 1 

$ 

c? 

o 

*r 

<? 

5 

<? 

(? 

5 

$ 

0 

n- 

? 

$ 

2 

(? 

(? 

cf 

<? 

c? 

A 

-Jj 

2 

3 

7 

10 

14 

15 

28 
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Table 3. 


Results oj Electrophoresis Experiments on Serum from Normal Rats 
Subtotal and after Subtotal Extirpation. ’ 



observed, but otherwise it was found walking in front of the 
albumin on the ascending side and in 5 cases in addition on the 
descending side with a mobility of about 5,50.10"'^ cm^volt sec. 
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Discussion. 


Studies by Whipple (1942, 1944), Schoenheimer, Bather, 
Eittenberg and Heidelberger (1942 a) and others have shown 
that the plasma proteins are in a steady state of dynamic inter- 
change with the amino acids and proteins of the tissues. The anti- 
body proteins are involved in just the same cycle of metabolic 
reactions as the other proteins of the blood plasma. By foUowing 
the rate of replacement of the nitrogen isotope by normal nitrogen 
it was demonstrated (Schoenheimer et al., 1942 b) that the half 
life of an antibody molecule is about 2 weeks, approximately the 
same as that of the average serum proteins. In other words, the 
plasma proteins are not stable compounds with a low rate of 
“regeneration” as previously supposed. Consequently, the removal 
of the organs or tissues supposed to be responsible for the pro- 
duction of a plasma protein may soon after influence the normal 
amount of the circulating protein in question. 

To which extent we succeeded in extirpating the lymphatic 
organs has been estimated on the basis of our present know- 
ledge of the quantitative anatomy of these organs in the rat 
at different ages (Andreasen 1943). After the subtotal extir- 
pations only some few lymph nodes (bronchial and popliteal) 
as well as the Peyer’s patches are left. These remnants make 
a total of about 10 per cent, of the values found in normal ani- 
mals. By the subtotal extirpations about 90 per cent, of the organoid 
lymphoid tissues are removed. Performing subtotal adenectomy 
plus splenectomy or isolated thymectomy we extirpated about 
60 per cent, and 30 per cent, of the organoid lymphoid tissue 
respectively. 


^ In these experiments we have demonstrated that even exten- 
sive^ extirpations of the lymphoid organs in rats do not influence 
sign^cantly the normal range of serum proteins. This would seem 
to dispose of the lymphoid organs as an essential factor in serum 
protein production in this animal. 


An obvious objection to this argument would be that the 
operations performed were not radical enough. Hyperplasia of 
tymphoid organs, resulting in re-establisli- 
ciencv^in would rapidly compensate for any defi- 

only Piotem. However, at autopsy we found no or 

only shglt quaubtatoe changes of the few small lymph nodes 
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left, and certainly nothing like a re-establishment of the normal 
quantity. Obviously, spleen and thymus never regenerate, fur- 
thermore, the demonstrated lymphopenia induced by the ope- 
rations (Andeeasen and Gottlieb, 1947) suggests a profound, 
but transitory, interference with the functions of the lymphoid 
organs. 

The fact that the normal level of serum proteins can be main- 
tained in spite of almost complete absence of the lymphoid 
organs indicates the probability of serum protein production 
occurring somewhere outside the lymphatic organs. However this 
does by no means exclude a conception of the lymphoid cells as 
the source of serum proteins. A large number of these cells exist 
as non organoid components of the connective tissues and prob- 
ably they are able to continue the functions of the organoid parts 
of the lymphoid system which were removed in the operated 
animals, e. g. the mucosa of the intestine contains plenty of 
plasma cells which may be active elements in the formation 
of globulin. It is possible that histological quantitative studies 
of the connective tissues of the operated animals may contribute 
to the elucidation of this particular problem. 


Summary. 

By means of subtotal extirpation (comprising until 90 per cent.) 
of the lymphoid organs in the rat an attempt has been made to 
throw some light upon the possible connexion between these 
organs and the formation of serum proteins. In the early period 
after the operations an unspecific, slight increase of the serum 
globulin and a corresponding decrease of the serum albumin was 
demonstrated. After cessation of the mesenchymal reactions due 
to wound healing the serum proteins were found within the normal 
range. This seems to dispose of the organoid lymphoid tissue 
(thymus, lymph nodes and spleen) as an essential factor in the 
production of serum proteins. 

The authors wish to express their sincere thanks to Professor 
Tiseliits for the permission to make the electrophoretic studies 
in the Pysisk-kemiska Institutionen, Uppsala, Sweden. 
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The idea that the dilatation of the small blood vessels in tissues 
rendered ischaemic by obstruction of the main blood supply, 
develops as a result of the liberation and accumulation in the 
ischaemic tissues of vasodilator substances has been mooted by 
many investigators. Lewis (1927), in extensive studies on the hu- 
man skin, concluded that reactive hyperaemia is due to the liber- 
ation in the tissue spaces of H-substance, a normal vasodilator 
metabolite, and that this substance is histamine, free or held in 
loose combination. 

Attempts to demonstrate, by a direct approach, the liberation 
of histamine during reactive hyperaemia have given inconsistent 
information. The literature has recently been reviewed by Emme- 
liEsr et al. (194:1) and by Kwiatkowski (194:1). In experiments in 
this laboratory, during reactive hyperaemia in the dog’s ear, the 
dog’s forelimb and the human arm, no increase in the histamine 
concentration of the venous plasma or blood emerging from the 
ischaemic tissues could be demonstrated by the Babsoum-Gad- 
DUM method; in guinea-pigs and cats, using the bronchiolar tone, 
the gastric secretion and the arterial blood pressure as indicators, 
we found no evidence of excess "histamine in the blood, when the 
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abdominal aorta was undamped after having been 

10 to 20 minutes underneath the renal arteries (Emmelin, a ^ 

and WiCKSELL 1941). Our observations are in agreement wit 


those of Kwiatkowski. 

Billings and Maegreath (1938) on the other hand, working 
on the hind limbs of rabbits, arrived at positive results similar to 
those originally reported by Babsoum and Gaddum (1935) and 
daim that, in addition to histamine, a substance with the biolog- - 
ical properties of adenosine can be detected in the ischaemic 
tissues and the venous blood returning from the limb. 

Lewis (1927) concluded from observations on the human skin 
that any substance that could be responsible for reactive hyper- 
aemia does not easily diffuse into the vessels. If this is so, excess 
•histamine in detectable quantities is not likely to appear in the 
venous outflow from ischaemic regions and a new mode of ap- 
proach seems necessary to obtain relevant evidence. In the ex- 
periments to be described here a) we have, in a series of cats and 
dogs with wide individual variations in the vasodilator response 
of the hind limbs to injected histamine, studied quantitatively 
the relations between sensitivity to histamine and the magnitude 
of reactive hyperaemia in the hind limbs; b) we have investigated 
if, and to what extent reactive hyperaemia is interfered with when 
the small blood vessels have been rendered completely insensitive 
to the vasodilator action of histamine in physiological amounts; 
c) incidentally we made some observations on the failure of 
naturally accumulated metabolites to dilate constricted vessels, 
where histamine and other stimuli were effective in producing 
vasodilatation; d) finally we made some observations on the vaso- 
dilator properties of adenosinetriphosphate. 


Methods. 

Our experiments were performed on cats and dogs under chloralose, 
initially anesthetized with ether. The animals were eviscerated, leaving 
the kidneys and the liver with its arterial supply intact. The abdominal 
aorta and the iliac arteries were freed and all branches not supplying 
the hind legs tied. The vena cava inferior was exposed and all sub- 

nf rtf ligated. At the level 

strnTia twin Vertebra the body wall was mass-ligatured with 

around rtp rt fvf sections. A tightened plastic band was arranged 

ference with rtp small collateral channels, avoiding inter- 

Sin dost stioSS*'” injeoted into a 

m doses sufficient to prevent clotting tor a couple o£ hours; when 
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necessary additional heparin was injected. For injection of drugs a 
cannula was inserted into the central stump of the inferior-mesenteric 
artery. Arterial blood pressure was recorded from the brachial artery 
using a mercury manometer. ^ 

For measuring the rate of blood flow through the leg a Gaddum 
(1929) outflow recorder was mounted on the venous side, a collecting 
cannula being inserted in 
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Fig. 1. Dog, G kg under chloralose. Beading 
from belo^V; Time jnarks 60", inspiratory move- 
ments, signal, rate of Wood flow through the hind 
limbs, pressure in the brachial artery. Sponta- 
neous attack of Cheyne-Stoke’s breathing. During 
the periods of apnoo and accumulation of COj the 
blood flow in the limbs is progressively reduced 
as a result of vasoconstriction; concomitantly the 
blood pressure in the brachial artery rises. 


the distal stump of the 
vena cava, from where 
the blood through the 
recorder collected in a 
funnel which served as a 
venous reservoir; from 
.there it was returned to 
the heart through a can- 
nula inserted in the prox- 
imal -part of the vena cava. 
To prevent undue rise of 
capillary pressure in the 
legs these were raised so 
that .the hnees were at the 
same level as the recorder. 

Beactive hyperaemia 
(E.H.) was produced by 
obstructing the aorta; 
concomitantly the venous 
return from the reservoir 
was discontinued by 
tightening a clamp. With 
this technique there was 
no perceptible collateral 
circulation to the hind 
limbs, since during ob- 
struction of the arterial 
inflow, the venous out- 


flow from the legs was nil, and blood even passed backwards into 
the legs, obviously due to vasodilatation in the ischaemic tissues. 

To avoid draining blood from the animal, the venous reservoir at 
the beginning of the experiment, was filled with either heparinized 
blood from another animal or with an 8 % solution in Tyrode of 
‘'Dextran’\ a polymerized sugar of high molecular weight (GnoxvALb 
and Ingelsiax’ 1944). 

In our experiments the rate of flow through the legs and the blood 
pressure remain approximately constant during a couple of hours. 
At a later stage blood flow through the limbs decreases progressively 
and may, after several hours of perfusion, be reduced to nil. There is 
the possibility of an insignificant collateral drainage by vessels supplying 
the spinal channel which in controls performed in the course of another 
series of experiments amounted to less than 1 to 2 ml per minute. 
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Fig. 2. Cat, 3 kg under chloralosc. Time marks in fiO", signals indicaling injec- 
tions and obstruction, signal indicating infusion of histamine nnt. agonist, rate of 
blood flow in the hind limbs, pressure in the brachial artery. 


During tlie first 1—2 hours of the experiment tlic lilood vessels nnd 
the ■vasomotor co'ntrol are in a satisfactory state as demonst rated in an 
experiment part of -which is shown in fig. 1 . 

Fundamentally similar procedures as those described above will 
be used in a series of experiments to be published later from thi.s 
laboratory. Incidentally we stress the well hnown fact that recording 
the arterial blood pressure alone is a very poor and fallacious indicator 
of vasodilator responses. To exemplify this, w’c give the following 
figures: in the experiment referred to in fig. 2, in the initial state of 
R.H. following 2 minutes of obstruction of blood supply, the fall in 
blood pressure amounts to about 70 nim Hg, whilst the corresponding 
increase in flo-w is about 100 %; in another experiment (fig. 4) the 
corresponding figures are 40 mm Hg and 500 %. 


Results. 

A. Quantitative Assay of R. H. and Vasodilation. Produced 

by Histamine. 

The rate of blood flow through the hind limbs was measured 
in 24 cats. Histamine diphosphate, dissolved in 0.2 ml warmed 
Tyrode’s solution, was injected from the artery into the limbs. 
We satisfied ourselves that at the beginning of the actual experi- 
ment, injections of Tyrode’s solution had no effect oji the rate of 
flow. The dose of histamine necessary to produce an increase of 
25 to 50 /o in the rate of flow during the first 30 seconds subse- 
quent to the injection, varied considerably wdth the individuals, 
n iigRies being 0.003 y/kg in the most sensitive cat and 

yj g m the least sensitive; the average figure for the twelve 
most sensitive cats was 0.005 y/kg and O.Oo y/kg for the twelve 
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Fig. 3. Cat, 4.5 kg under chloralose. Signals and registrations as in fig. 2. 

least sensitive. The distribution of sensitivity among the entire 
group is not uniform; there is a tendency to aggregate in two dis- 
tinct groups around these two mean values. 

Since in our experiments increase in rate of flow occurred 
simultaneously with a conspicuous fall in arterial pressure, in- 
crease in flow is taken to indicate dilatation of the vessels in the 
limbs, predominantly the arterioles. In every instance histamine 
in effective doses caused vasodilatation, constriction never oc- 
curred. Fig. 2 represents part of a tracing obtained from a cat of 
high sensitivity to histamine. Intraarterial injection of 0.02 y 
histamine causes a striking vasodilatation. Following this injection 
the blood flow in the limbs was obstructed for two minutes. During 
the subsequent R.H. the rate of flow is initially approximately 
doubled. 

Fig. 3 is from a cat of extremely low sensitivity to histamine. 
1 y histamine produces a smaller vasodilatation than 0.02 y in 
the cat referred to in fig. 2. The R.H. following two minutes of 
obstruction of blood flow, is however, initially approximately 
doubled as in the cat of fig. 2, the vessels of which are at least fifty 
times more sensitive to injected histamine. 

Figures 2 and 3 incidentally demonstrate an observation made 
by us in many experiments; there is no correlation between the 
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Fig. 4. Dog, ().r> kg under cliloralopc. 


sensitivity of tlie small vessels to the dilator effect of histamine 
and acetylcholine; the blood vessels may, as in fig. 3, be exlremcly 
insensitive to histamine, but highly responsive to acetylcholine. 

In dogs, under the conditions described, the sensitivity of the 
blood vessels to histamine is of about the same order as in the 
group of cats of low sensitivity. Fig. 4 represents a typical experi- 
ment on a dog. R.H. following a two minute obstruction amounts 
initially to about six times the normal flow. In this series we made 
observations on six dogs. 

From experiments of this type on cats and dogs it is obvious 
that the vasodilatation in R.H. is of the same magnitude in ani- 
mals where the blood vessels are relatively insensitive to histamine 
as in animals of high sensitivity. Even in animals where the dif- 
ference in sensitivity to histamine varies by a factor of 50 to 100, 
there is no conspicuous difference in the magnitude of vasodila- 
tation during R.H. 


B. R.H. after Rendering the Blood VosBels Insensitivo 

to Histamine. 

It has been shown by several workers that benadryl and related 
compounds counteract the depressor effect of histamine when 
judged by recording the arterial blood pressure. Experiments to 
study more quantitatively the anti-histamine properties of these 
drugs on the arterioli have, to our knowledge, so far not been 
devised. 

The anti-histaminic drugs were infused slowly and continuously, 
diuing 10 to 30 minutes. During the course of the infusion, hista- 
mine was injected in increasing doses. This procedure made it 
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possible to evaluate exactly to what extent the sensitivity of the 
small blood vessels to histamine had been reduced below normal, 
and what quantities of antagonistic drugs had been necessary at 
any given moment. At .suitable intervals during the course of 
decreasing vasodilator response to histamine B.E. was produced 
and quantitatively assayed. In the experiment on a cat, shown in 
fig. 2, benadryl, 10 mg per kg body weight, was infused in ten 
mimites. In this experiment 2.5 mg/kg benadryl conspicuously 
reduced the vasodilator effect of 0.02 y histamine, 6 mg/kg almost 
entirely abolished this effect. After 10 mg/kg benadryl 1 — 5 y 
histamine is required to produce a vasodilatation of the same 
magnitude as initially caused by 0. 02 y; the sensitivity of the vessels 
to histamine is reduced to 1/50 — 1/250 of normal. The sensitmty 
of the vessels to histamine can not be reduced below this limit by 
a further supply of benadrjd. The second part of the tracing 
(fig. 2) shows the situation after an additional infusion of 45 mg/kg 
benadryl. The vasodilator response to 5 y histamine is of the same 
magnitude as after 10 mg/kg. 

In all experiments of this t}q)e on cats, maximal antagonistic 
effect towards the vasodilator action of histamine was obtained 
by benadryl 6 — 10 mg/kg. Under the influence of this dose of 
benadryl, the whole population of cats investigated^ no matter 
wbether extremely sensitive or insensitive to histamine, was 
uniform in the vasodilator response: 1 — 5 y histamine was required 
to produce a conspicuous vasodilatation. Fig. 3 demonstrates this 
fact on a cat of low sensitivity to histamine. 

Fig. 2 demonstrates the magnitude of vasodilatation during 
R.H. in a phase of the experiment, when the sensitivity of the 
vessels was reduced to 1/50 — 1/250 of normal: at this stage the 
magnitude of R.H. is at least as big as under normal conditions. 

Incidentally it may be mentioned that our experiments confirm 
the observation that benadryl antagonizes the vasodilator action 
of acetylcholine; this antagonism, however, is not so striking as 
that towards histamine, 10 mg/kg benadryl reducing the sen- 
sitivity to about 1/10 of normal. 

Fig. 4 represents observations on a dog. Benadryl, 4.5 mg/kg, 
entirely abolishes the vasodilator action of 2 y histamine. R.H. 
during the phase of reduced response of the blood vessels to hista- 
mine is of at least the same magnitude as normally. 

Fin’S. 2 and 4 indicate that benadryl interferes in some way or 
other with the vasomotor regulation: in the normal state, during 
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obstruction of tbe abdominal aorta, there is none, or onlr a tran- 
sient rise in arterial blood pressure, whilst, under the influence of 
benadryl the reflex regulation is disorganized. In the experiment 
of fig. 4 the fluctuations in blood pressure, mainly related to the 
respiration, are abolished under the influence of benadryl. 

E.xperiments of this t}*pe were also performed on cats and dogs 
using "neoantergan” or “antasten” for depressing the vasodilator 
response to histamine. The results with R.H. were fundamentally 
the same as with benadryl. A relatively small dose of these drujrs 
reduced the vasodilator action of histamine to 1/50 — 1/250 of 
normal; increasing this dose even to a lethal level did not further 
depress the sensitivity. Neoantergan and antasten antagonize 
the vasodilator action of acetylcholine to a far smaller degree 
than does benadryl, actually in our experiments there was hardly 
any regular antagonism towards acetjdcholine. Quantitative data 
of these antagonisms are summarized in table 1. 

C. Vasodilator Reactions in Limbs with Arrested Blood 
Flow due to Vasoconstriction. 

After a few or several hours of perfusion the blood flow through 
the limbs decreases progressively whilst the arterial pressure 
remains at a high level. The condition can be aggravated and 
develops faster if 10—20 % of the total blood volume is with- 
drawn. This decrease in the rate of flow is obviously due to vaso- 
constriction in the legs. If, in addition, the pressure in the veins 
of the leg is raised by elevating the venous reservoir, the blood 
flow through the legs stops altogether. In our experiments this 
state could be produced regularly. We elevated the venous pressure 
just sufficiently to reduce the blood flow to nil. When vasocon- 
striction was very advanced this could be achieved by elevation 
of the venous reservoir by 5 — -10 cm. If the preparation was 
kept under these conditions, the blood flow in the limbs remained 
obstructed. This ischaemic state seems very favourable for the 
accumulation of those metabolites alleged to be instrumental 
in vasodilatation during E.H. 

The situation described is shown in fig. 5 obtained from a cat. 
Blood flow in the legs is nil, arterial pressure rather high. At the 
betnnning of the second part of the tracing the circulation in the 
limb has been arrested for about 15 minutes. Intraarterial injection 
of histamine into the constricted vessek in minute doses produces 
vasodilatation as does acetylcholine. Obviously the arterioli in 
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Fig. 5. Cat, 3 kg under ckloralose. Cessation of Flood flow in the limbs due to 
vasoconstriction and moderate elevation of venous pressure. 


this state do respond to vasodilator substances, if they are present 
in active concentrations. 

The first part of the tracing shows a remarkable phenomenon. 
If, in the state of advanced vasoconstriction with arrested blood 
flow, the aorta is obstructed for a short period, vasodilatation is 
elicited, obvious from a considerable outflow from the veins. We 
observed this effect even when obstructing the artery for as short 
a period as 5 — 10 seconds. The vasodilatation is prolonged and 
intensified by increasing the period of arterial obstruction. This 
phenomenon will be studied more closely in further experiments. 

D. Vasodilator Action of Adenosinetripliosphato (ATP). 

It has been suggested by several workers that adenosine and 
other phosphoric compounds may play a part in vasodilatation 
during R.H. and in the tetanized muscle. We tested the effect of 
a very pure preparation of ATP^, injected as sodium salt, on the 
vessels of the leg in cats. From fig. 6 it will be seen that ATP is 
an extremely potent vasodilator; 0.2 y causes a definite effect, 
y more than doubles the rate of flow. Neither benadryl nor 
^ropm inte feres with the vasodilator action of ATP. 

generis supplyo?ATp! ^“t^ingham, England, for 
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Fig. 6. Cat, 3.2 kg under cliloralosc. Action of adenosine triphosphate as com- 
pared with histamine and acetylcholine. 


Com nients. 

In cats, under tlie conditions described, the sensitivity of tbe 
small blood vessels of tbe bind limbs to tbe vasodilator action of 
histamine varies individually Avithin Avide limits, some cats are 
50 to 100 times more sensitive than others. Such differences might 
or might not be due to differences in details of the experimental 
procedures beyond our control. Whatever the reason, this situa- 
tion offers a useful opportunity of comparing quantitatively the 
magnitude of reactive hyperaemia in these individuals. In our 
experiments the magnitude of reactive hyperaemia is completely 
independent of the sensitivity of the vessels to histamine. Even 
in cats, the small blood vessels of Avhich are extremely insensitive 
to injected histamine, the magnitude and duration of reactive 
hyperaemia is of about the same order as in the most sensitive 
cats. In vieAv of this fact it is difficult to conceive that vasodila- 
tation during reactive hyperaemia should be due to a direct action 
of histamine on the small blood vessels. Again, it is difficult 
to assume that a blood vessel could be relatively insensitive to 
histamine reaching it from the artery but highly sensitive to hista- 
mine approaching it from the tissue spaces; further, it is hard to 
believe that there is no correlation in the sensitivity of the vessel 
to histamine reaching it by these tAvo different routes. 

The introduction of potent antagonists to histamine affords neAV 
possibilities in evaluating the role of histamine in reactive hyper- 
aemia. In our experiments benadryl and related compounds com- 
pletely annul the vasodilatation in the hind limbs produced by 
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intraarterial injection of histamine in quantities which might be 
considered physiological. Under the influence of these histamine- 
antagonists, in a state where the small_ vessels are completely 
insensitive to histamine in quantities which normally cause pro- 
found vasodilatation, the magnitude of reactive hyperaemia is not 
reduced. This is in agreement with Emmelin and Emmelin (1947) 
from this laboratory who observed that benadryl- did not diminish 
the increase in volume of a cat’s leg enclosed in a plethysmograph 
when the arterial inflow was re-established after a period of ob- 
struction. Experiments of this type are open to the criticisna that 
the antagonists employed might render the small vessels insen- 
sitive to histamine dispersed by the arterial route, but not to 
naturally liberated histamine accumulating in the surroundings 
of the small vessels. Such criticism is disproved by the fact, estab- 
lished by several workers, that benadryl and related compounds 
significantly reduce the vasodilatation produced by injection of 
histamine into the skin (literature reviewed by Loew 1947). 

Unfortunately the exact mode of action of these drugs in antag- 
onizing the vasodilator effect of histamine is only poorly under- 
stood. Wells et al. (1945) suggest a'; competition between hista- 
mine and benadryl for a given site of action or receptive substance 
and imply that if benadryl combines with the receptive substance 
it prevents histamine from combining on this same site; these 
authors further conclude that a constant per cent of any dose of 
histamine is antagonized by a given dose of benadryl. In our 
experiments the vasodilator action of histamine, in quantities 5 
to 100 times the threshold dose, is not significantly reduced by 
doses of antagonists 10 to 25 times greater than the dose adequate 
to abolish completely the effect of a threshold dose of histamine; 
in the type of cat originally insensitive to histamine 1 mg/kg 
neoantergan may completely annul a profound vasodilatation 
caused by 0.5 y histamine, whereas 26 mg/kg does not even reduce 
the vasodilatation produced by6 y histamine; this also holds for 
benadryl (fig. 2 and 3). This indicates that histamine given in a 
quanthy exceeding the minimal dose required to produce maximal 
vasodilatation combines with a receptive substance different from 
that for which benadryl and histamine in physiological doses 
^ ^^^^^'I'hence histamine may cause vasodilata- 

whichisnotblTv^;iT^^-^'^° different types of receptors, one of 

antagonists TV ^ even by lethal doses of histamine- 

antagonists. This assumption is supported by our observation 
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that under the influence of antihistaminic drugs the entire popula- 
tion of cats, with individual sensitivities to histamine varying 
in the range 1 : 100, is transformed to a population of nearly uni- 
form sensitivity, the threshold dose causing profound vasodilata- 
tion now being 2 to 5 y; it seems to us reasonable to assume that 
this dose acts on a type of receptive substance which is not blocked 
by antihistaminic drugs. 

In the experiments described in section C conditions seem very 
favourable for liberating and accumulating vasodilator metabol- 
ites. The small vessels in this state of profound constriction are very 
sensitive to dilating stimuli or agents, as shown by 1) unloading the 
arterioli from the pulsatile arterial pressure by occluding the artery 
elicits a vasodilator mechanism, possibly mechanical or nervous, 
revealed by the transitory reestablishment of blood flow on opening 
the artery (fig. 6); 2) histamine and acetylcholine injected from 
the artery in physiological concentrations produce vasodilation, 
where the naturally accumulated substances fail to do so. To us 
it seems inconceivable why histardine, if present in active concen- 
trations in the tissue spaces, should be incapable of causing a vasodi- 
latation which histamine reaching the arterioli by the arterial route 
easily produces. In addition, these experiments prove that hista- 
mine approaching the small vessels from the inside at least is not 
less active than histamine naturally accumulated outside the 
vessels. Observations recently published by Emmebin (194:5) are 
relevant at this point: he has shown that the blood vessels in the 
cat become insensitive to histamine injected in the artery if the 
vessels are exposed for some time to histamine in concentrations 
exceeding the normal plasma level. 

Further experiments will be necessary to elucidate more directly 
and finally the role of histamine in reactive hyperaemia. To us 
the mechanism of reactive hyperaemia remains obscme. 

Adenosinetriphosphate possesses potentialities as a natural 
vasodilator metabolite. Gillespie (1934), using the cat’s blood 
pressure as indicator, observed a fall on injecting 0.1 mg adeno- 
sinetriphosphate in the jugular vein. Fleisoh and Weger (1937), 
on perfusing a hind limb in cats and dogs, observed vasodilatation 
when the blood contained adenosinetriphosphate in the concen- 
tration 1 ; 1,400,000. Kalckar and Lowry (1947) report, that the 
presence of 2 to 5 mg per cent of 3-adenylic acid or of about 1 mg 
per cent of 5-adenylic acid in the blood plasma was accompanied 
by a distinct lowering of blood pressure in the dog. The procedures 
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we employed, where only fractions of a y were injected, seem to 
reveal adequately the powerful vasodilator properties of adeno- 
sinetriphosphate. In a following paper we hope to present a fuller 
account on this subject. 


Snmmary. 

1. A method is described for quantitative studies of reactive 
hyperaemia in the hind limbs of cats and dogs. 

2. In cats the sensitivity of the small vessels to histamine 
varies within a very wide range, the magnitude of reactive liyper- 
aemia, however, was found to be independent of the sensitivity of 
the vessels to histamine. 

3. The magnitude of reactive hyperaemia is not reduced by 
rendering the small blood vessels completely insensitive to hista- 
mine in physiological concentrations. 

4. Benadryl and related compounds completely annul the vaso- 
dilator effect of the minimal doses of histamine which produce 
maximal vasodilatation. The effect of larger doses of histamine, 
6 times greater than the minimum dose and upwards, depending 
on the basic sensitivity to histamine, is not annulled or even 
diminished by any amount of antagonistic drug. 

5. It is suggested that there are two types of receptors sensitive 
to histamine only one of which can be blocked by benadryl and 
related compounds. 

6. It is demonstrated that adenosinetriphosphate is a very 
potent vasodilator, 0.1 — 0.2 y causing profound vasodilatation 
in the hind limbs when injected in the artery. 
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The Influence of g-Strophantliiii on 
Hypodynainic and Anoxic 
Heart Muscle of the Frog. 

By 

GUNNAR LUNDIN and GUNNAR STR6M. 
Keceived 26 JannaTj* 1948. 


In a previous paper one of us (Lundin 1946) investigated tbe 
influence of g-stroplianthin on the mechanical properties of frog’s 
cardiac muscle. These first experiments were performed on pa- 
rallel bundled muscle preparations from tbe cardiac ventricle of 
the frog, working under aerobic conditions and considered normo- 
dynamic. In these experiments diastolic tension, extra tension 
during contraction, stiffness and viscosity at rest and during 
contraction remained unchanged after addition of g-stropbantbin 
at various concentrations. 

Investigations of Cattell and Gold (1938, 1940), Sulzer 
(1932), Berg and Boer (1939) and others have shown that digitabs 
glycosides have a positive inotropic effect on hypodynamic myo- 
cardium from both warmblooded and coldblooded animals. 

On the other hand Katz et al. (1938), in experiments on the 
isolated heart of the dog, claim to have demonstrated that under 
physiological as well as pathological conditions digitalis glycosides 
have no effect on the force of contraction of the heart. The 
object of the present investigation is to supplement the previous 
reports already referred to with experiments on hypodynamic 
heart muscle preparations from the frog, 

20 Acta ph'iis. Scandinav. Vol. 15. 
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Method. 

For further details of method we refer to previous papers 
(LtTNDiN 1944, 1946). A preparation of parallel threaded muscle 
bundles from the cardiac ventricle of the frog, about 1.5 mm in length 
thickness, was arranged in a chamber containing 
5 ml of Kinger s solution (NaCl 6.70 g, CaCU + 6HoO 0.4 g, KCl 0.2 g 
glucose 0.2 g, dextran 30 g, distilled water to 1000 ml, NaHCOI 
added to pH 7.3).^ The chamber was closed by a tightly fitting glass 
cover in order to isolate the Einger’s solution from the athmosphere. 
A gas mixture containing various proportions of N2 and Oj and 1 % 
CO2 was fed continuously through the Kinger’s solution and allowed 
to escape through a hole in one of the corners of the cover. The 0. 
content of the gas mixtures varied between 0.3 % and 70 %, de- 
termined with a Haldape-Ejogh gas analysis apparatus. The pH of 
the solution in the chamber was constant as mesaured with a glass 
electrode. The temperature was kept either at 18° C. or at 4° C. 
Diastolic tension and extra tension during isometric contraction was 
recorded by means of a condenser myograph (Buchthal 1942). 
Capacity variations of the condenser myograph, linear with the 
changes of muscle tension, were measured by a high frequency circuit 
amplifier and recorded with an electrostatic mirror-oscillograph or 
a galvanometer. The muscle bundle was stimulated at constant in- 
tervals, 8 per minute, with rectangular current impulses. The dura- 
tion and the intensity of the impulse could be varied. Usually the 
duration was 5 milliseconds and the intensity slightly above threshold. 

We performed 60 experiments each lasting for 1/2 to 4 hours. The 
muscle bundle in the chamber was stretched to sh'ghtly above equilib- 
rium length and left to consolidate for 15 to 20 minutes before an 
experiment was started. Diastolic tension and extra tension during 
contraction were registered at 1 — 5 min. intervals. In some experi- 
ments excitability was also recorded. The excitability was determined 
from duration-intensity curves for the threshold stimulus between 
the ranges of O.i to 50 milliseconds. 

G-strophanthin was added to the solution in the chamber to give 
concentrations varying between 5 : 10^ and 2 1 10^. A few experi- 
ments were made on muscle preparations which were treated^ for 20 
min. with a solution of monoiodoacetic acid 2 . 10 in Einger s solu- 
tion before g-strophanthin was added. 


Eesnlts. 

Hypodynamia, a condition in which the contraction power 
is reduced below the initial “normal” value, occurs spon- 
taneously in a heart muscle preparation from a frog even when 
safeguarded in Kinger’s solution with colloids and glucose (Cdabk 
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MAX.C'STffO^n. 

IfflCT 

IHMIOiATttT ItfOXt 
XOOITIOU 0^ C-*t«OPH. 


Eig, 1. Effect of g-stroplianthm oa extra tension during contraction* Jlcana of 
several experiments as denoted by numbers. 


o ARBITRARY 



TIME AFTER ADDITION OF G-STROPHANTHIN 1:I0® 

18* C. 

Efg. 2, Effect of g-8trophantbin on extra tension during contraction. 


et al. 1938). This was the case with our preparations, at least in 
most instances. In a small minority of our preparations this de- 
^ ® contraction power was not observed even after a' couple 
ot nours. In a few preparations the contraction power fell to even 
adequate^ ^ ^ “^ial value, although the oxygen supply was 

The spontaneous fall in contraction power can be accelerated 
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ARBITRARY 

UNITS 


I* 70 % Og +M. lODOAC, AC, 



TJME AFTER ADDITION OF G-STROPH. IMO® 


Fig. 3. Effect of g- strop hanthin on extra tension during contraction of muscle 
treated 'with, monoiodoacetic acid compared Tvith contraction tension of untreated 

muscle IS'* G. 


by bubbling through the Ringer’s solution the above mentioned 
gas mixtures with a low oxygen content. When the quantity of 
muscle tissue is small in comparison to the volume of the sur- 
rounding solution, as was the case in our experiments, the only 
factor governing the oxygen supply to the muscle will be the par- 
tial pressure of oxygen. The critical p02, below which frog’s ven- 
tricle cannot maintain normal activity, is 20 — 30 mm Hg, and the 
pOj, below which only anaerobic activity is maintained, is 6 — 10 
mm Hg (Clark et ah, 1938). 

G-strophanthin, added to the hypodynamic heart muscle pre- 
paration in Ringer’s solution with an oxygen pressure of 40 mm 
Hg or more, in aU cases augments the extra tension developed 
during contraction. By this increase in extra tension the con- 
traction power of the preparation is restored to the initial value 
at the beginning of the experiment, which is assumed to be the 
"normal” value. Under the influence of g-strophanthin, diastolic 
tension remained unaffected until the appearance of the toxic 
phase, which manifested itself by a fall in extra tension during 
contraction together with a rise in diastolic tension. 

In experiments with an oxygen pressure in the Ringer’s solu- 
tion of 10 mm Hg or less the effect of g-strophanthin is reduced, 
even if in most cases the extra tension during contraction is 
slightly rised. This rise, however, never restores the contraction 
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MIN. 



power to tile “normal” value. At tlie lowest oxygen pressure, 

1 mm Hg, there is hardly any perceptible effect of g-strophanthin. 
This difference between the action of g-strophantin at high and. 
low oxygen pressures is more marked at 18° C. than at 4° 0. 

(fig. 1). 

If the anoxic musculature after onset of the toxic effect of 
g-strophanthin is supplied with 70 % oxygen, extra tension 
during contraction usually rises very suddenly, even up to the 
“normal” initial value, but only if the toxic phase has just started. 
After some minutes the augmenting effect of oxygen usually 
passes off, but in some experiments it lasted for more than ten 
minutes. 

Preparations treated with monoio do acetic acid, where the 
glycolysis is nearly totally absent, continue responding to stimu- 
lation if supplied with a large amount of oxygen. In such prepara- 
tions g-strophanthin produces only a moderate increase in the 
extra tension during contraction. 

The effect of g-strophanthin 1 : 10® at different oxygen pres- 
sures^ is shown in fig, 1. In fig. 2 and 3 extra tension during con- 
traction is represented in relation to time. Prom these figures 
it is^clear that there is quite a wide variance in experiments with 
0.7 % Ojs at this concentration of g-strophanthin.. 

The time of onset of the toxic phase of g-strophanthin in a 
concentration of 2 : 10® with different oxygen pressures and at 
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0,t 0«s t £ 9 to to SO M, sec. 


duration of stimulus 

Kg. 5. Excitability of heart muscle preparation before and after addition of 
g-strophanthin at various concentrations. Mean of 6 experiments. 

different teniperatures is shown in fig. 4. The toxic phase has a 
tendency to appear earlier at low than at high oxygen pressures. 
This is not in accordance with the findings of Weizsacker (1913) 
who stated that in an isolated frog’s heart treated with KCN 
the toxic effect of g-strophanthin appears later than in a normal 
heart. 

The difference between the latency of action of g-strophanthm 
at 18° C and at 4° C as shown by fig. 4 suggests a temperature 
coefficient Qio of about 3. This result is in accordance with earlier 
statements (Weesb 1936). In experiments with higher concentra- 
tions of g-strophanthin, however, we observed higher figures fox 

Q,o, up to about 6. , . „ e ^ -l 

We estimated the excitability under the influence of g-strophan- 
thin. From fig. 6 it will be clear that no significant change was 
observed. This is in agreement with earlier investigations (Weese 

1936). 

Summary. 

Our observations indicate that: 

1. G-strophanthin has a positive inotropic effect on hypodyna- 
mic heart muscle of the frog. 
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2. Tile rise in contraction power produced by g-strophanthin 
restores tbe extra tension developed during contraction to tbe 
assumed "normal” value and not higher. 

3. If the partial pressure of oxygen surrounding the muscle is 
below a certain value, or if glycolysis is interfered with, g-stro- 
phanthin does not restore the extra tension during contraction to 
the “normal” value. 

4. G-strophanthin does not influence the diastolic tension or 
the excitability before the appearance of the toxic phase. 
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Polarity of Dark-Adapted Retinal on/of f- 
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By 
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Received 27 January 1948. 


Gernandt and Granit (1947) noted that the polarity of the 
retinal element, isolated by the micro-electrode technique de- 
pended upon its type. In order to determine the polarity a con- 
stant current was led through the retina of a dark-adapted de- 
cerebrated cat between silver-silverchloride electrodes in the nasal 
and temporal corners of its eye. The micro-electrode was located 
in the nasal half of the retina. The cathodal element responded to 
the make of the rheobasic current with nasal electrode cathode, 
the anodal element to the current with the same electrode anode. 
AU on-elements proved to be cathodal, all off-elements anodal, 
the on/off-elements cathodal or anodal depending upon their 
off/on-ratio. The type of the element, whether an on-, off- or 
on/off-element, was nearly always determined with green bght of 
wave-length 0.520 /u. 

In the present work merely on/off-elements have been included 
in the material. All the pure on-elements proved to be cathodal, 
all the pure off-elements anodal, as in the previous work. It was 
noted by Gernandt and Granit (1947) that the more off-sen- 
sitive on/off-elements (dark adaptation, green test light) tended 
to be anodal, those of greater on-sensitivity cathodal. This sugges- 
ted that polarity was a function of the off/on-ratio, introduced 
into the analysis by Granit and Tansley (1948) who estabUshed 
the enormous range of variation of this property of the complex 
on/off-elements. Further experiments (Gernandt, 1948) proved 
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the off-on-ratio itself to be a function of wavc-lengtb. Thus arose 
the problem of how polarity and off/on-ratio are distributed for 
different colours. The present Avork deals with it. 


Technique. 

Decerebrated, fully dark adapted cats were used which liad received 

3 6 nil of a 20 % solution of urethane in order to eliminate eye and 

head movements. The polarization electrodes were placed along.sidc 
the bulb in the nasal and temporal cavities and fixed. The cornea and 
lens were removed and the micro-clcctrodc inserted. The animal was 
left to dark adapt for not less than 1 hour with the micro-clcctrodc 
in the eye. As to details of technique, see GEnxAN'DT and Gp.akit 

(194'f)- 

Polarization took place over a resistance of 50,000 Q. The elements 
responded to the make of currents from O.oo.i mA upwards. 

From our large Wright colorimeter (1946) the wave-length 0.-’>i0 
(green), O.cso (red) and 0.4 co (blue) were selected for stimulation in 
order to determine the off/on-ratio at the threshold of illumination. 
A number of the »greem off/on-ratios were determined with wave- 
length 0.520 fi. 


Results. 

The material has been collected in the course of various experi- 
ments with the micro-electrode technique all of which have been 
standardized to identical conditions. It has become a matter of 
routine always to determine the polarity of an clement. Similarly 
measurements of the light threshold are often carried out, some- 
times with green alone, sometimes with other wave-lengths, in 
order to determine the off/on-ratio. The present material con- 
sists of 321 well isolated on/off-elements. For 72 of them the thres- 
holds were determined Avith both green, red and blue. In addition 
there were about 10 elements of indifferent polarity. One might 
have expected this to happen only for off/on-ratios around 1.0, 
but there was no definite correlation AAuth the off-on-ratio. 

Fig. 1 reproduces the distribution curves for the off/on-ratios 
of 196 elements tested A\ith green, 105 with red and 100 tested 
mth blue light. The white columns refer to anodal elements, the 
ar columns to cathodal ones. The ordinates are number of ele- 
ments within a given logarithmic variation of the off/on-ratio on 
tbe abscissae. Low off/on-ratios are to the left, high off/on-ratios 
e right of the point of equal sensitivity for ’on’ and ’off’. 
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Fig. 1. The ordinates show the number of elements present within certain ranges 
of off/on-ratios which are grouped in logarithmic units of the abscissae A. Green, 

B. Blue, C. Red (see text). 


A. Green: The diagram confirms for a larger material the 
results of GtERNandt and Gbanit (1947). There is a tendency of 
the anodal elements to group themselves among those of higher 
off/on-ratio whereas the cathodal elements behave in an opposite 
fashion. 

B. Blue: There is a similar tendency of the anodal and cathodal 
elements to group themselves according to off/on-ratio though 
not so well marked as with green. 

C. Red: There is no definite tendency for the anodal and catho- 
dal elements to be distributed according to off/on-ratio. 


Comment. 

Is there any result with which to correlate these observations? 
For the 72 elements, measured with all three wave-lengths figures 
were available for a comparison of colour and off/on-ratios. The 
probability that the maximum of the off/on-ratio was in the red 
was 0.47, for the blue the corresponding probability was 0.39 and 
for the green only 0.18. This may be stated somewhat differently: 
in a sufficiently large material of on/off-elements the off-compo- 
nent tends to be relatively more sensitive to stimulation with red 
than with green. Similarly the on-component tends to be partic- 
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ularly green-sensitive and less red-sensitive. Blue occupies an 
intermediate position. The off/on-ratios for blue and red had pre- 
viously been compared by Granit and Tansley (1947) who also 
had found red to be a more efficient stimulus for the off-com- 
ponent than blue. 

Considering that the pure on-element is cathodal (Gernandt 
and Granit, 1947) it is accordingly suggested that in dark-adap- 
ted cats the correlation between cathodality and low off/on-ratios 
(= high on-sensitivity) depends upon the same factors that make 
the pure on-elements cathodal. Since by several criteria the pure 
on-elements are rods (Granit, 1947) it is possibly a greater con- 
tribution of rod-activity that tends to make certain on/off-ele- 
ments of low off/on-ratio cathodal. The red stimulus at wave- 
length 0.650 n fails practically outside the spectral region within 
which visual purple plays a role. 


Summary. 

The micro-electrode technique and the eye of the fully dark- 
adapted cat have been used for measurements of off/on-ratios and 
polarities of retinal elements tested with red, green and blue light. 

With red stimuli anodal and cathodal elements are distributed 
symmetrically over the off/on-ratios, but, if the latter be deter- 
mined with green or blue light, elements of lower off/on-ratio 
tend to be cathodal those of higher off/on-ratio anodal. 

The results are correlated with the relative values for the off/on- 
ratios in the three wave-lengths. 

This work has been supported by a grant from the Rockefeller 
Foundation to the Nobel Institute for neurophysiology. 


References. 

Gernandt, B., In course of publication. 1948. 

Gernandt, B. and R. Granit, J. Neurophysiol. 1947. 10. 295. 
VsRANiT, R., Sensory Mechanisms of the Retina. London. Oxford 
University Press, 1917. 

WmruT w J^'^harine Tansley, J. Physiol. 1948. 107. 54. 

+ T on Normal and Defective Colour Vision, 

Jvimpton, London. 1946. 



From the Department of Anatomy, University of Aarhus, Denmark. 


PhosphjitasG in Cats with Obstructiy© Jaundice. 

By 

J0RGEN B. DALGAARD. 

Received 4 February 1948. 


I. Serum P.hosphatase. 

Patients with obstructive jaundice as well as dogs and rabbits 
with experimentally produced bile stasis display increased serum 
phosphatase. In a previous paper (1947) the author has proved 
that the same is true for rats. It therefore seemed surprising that, 
according to Oantarow, Stewart and McCool, 1936, Thann- 
HAUSEE et alii, 1937, and Flood, Gutman and Gutman, 1937, 
among all investigated animals, only cats should not show such 
increase. 

That problem is here submitted to a thorough new investiga- 
tion which shows that the cat in fact also displays increased serum 
phosphatase following ligation of the common bile duct. 


Earlier Experiments on Cats. 

Cantaeow, Stewart and McCool (1936) investigated 8 normal 
cats and 30 with ligated common bile duct. But in most animals 
only a single analysis exists and preoperative analyses were not 
made. Furthermore, 4 postoperative values really were increased, 
one of them considerably. The evidence of this material thus seems 
rather inconclusive. 

Thannhausbr, Eeichel, Grattan and Maddock (1937) 
stated that “in cats the serum phosphatase does not increase as 
it does in dogs”. But as only two experiments were given, which 
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in fact showed a slight increase and further statements were 

missing, the results evade judgement. 

The work of Flood, Gutman and Gutman (1937) based upon 
pre- and postoperative analyses in. 10 cats with ligated common 
bile duct, is the most important to out problem. The authors 
say that the rise in serum phosphatase “is negligible in coinparison 
with the marked elevations regularly observed following^ ob- 
struction of the common bile duct in the dog and in man”. In 
eight of the cats, however, the following increases from pre- 
operative to postoperative values were observed; 5—9, 1.5 — 4, 
0.6— 3.6, 0.8— 5.7, 1—15.7, 2—5.6, 2.8—12.9 and 1.9— 11.2. The 
present writer cannot agree that such increases are negligible. 


Experimental. 8 


The investigation concerns 39 cats in 10 of which thc^ common 
bile duct has been ligated. The phosphatase is estimated by a modified 
Buch and Buoh method (1939) which in itself is a modified King 
and Armstrong method (1934) with phenylphosphatc as a substrate 
puffered to pH 10. The hydrolysis time is extended from 15 to 30 
minutes and all quantities of reagents are diminished to 2/5. The 
serum quantity, however, is only diminished to 200 mm®, which 
relatively means a doubling. That these alterations are allowed is 
seen from the curves in Fig. 1, which show that under these con- 
ditions there is complete proportionality between the amount of 
phosphatase (extinction) and amount of serum and time of hydrolysis 
respectively. 

The readings are carried out on a Pulfrich Photometer with 1 cm 
cuvettes towards a blank, which is not hydrolysed, but immediately 
precipitated with trichloracetic acid. Filter S 72 is used. 

One unit of phosphatase is the amount of 
enzyme liberating 1 mg of phenol in 15 
minutes. The phosphatase activity is expressed in units per 50 cc 
of serum and read on an extinction curve, made from known phenol 
solutions which are treated exactly as the serum samples. To express 
the phosphatase in ordinary Buch and Buch units (approximately 
== King and Armstrong units) all values have been divided by 4. 
The standard error of the mean of double estimations, which are always 
made, is 0.8 units. 


is obtained by heart puncture after light anaesthesia 
^ coal-gas. It must be secured that the needle really is in the heart 
^u a an eventual pleural exudation from earlier heart punc- 

^ In some cases blood is obtained from 

RnmniL s,fter dccapitatiou. It is ascertained that 

P rom these different sources are identical in phosphatase 
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Extinction. 




Fig. L The effect of alterations in hydrolyeis-timc (A) and amount of serum 
(B). The curves shovr that direct proportionality exists bctvreen phosphatase 
(extinction) and hydrolysis-time resp. amount of serum during the experimental 
conditions chosen. This again means that these arc optimal. 
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amount. It is also controlled that the gassing had no influence on the 

serum phosphatase. i j 

Hemolysis which in several experiments was proved to reduce tne 
serum phosphatase (red blood corpuscles contain very little alkaline 
phosphatase), must be avoided through careful blood sampling and 
immediate centrifugation and separation. 

Age variations: In accordance with the findings in man, dog, 
rabbit, rat and chicken (Kay 1930, Bodansky, Jafpe and Chand- 
ler 1932, Bodansky 1934:, Vermehrbn 1938, Dalgaard 1947, 
Common 1936 and Wiese and alii 1939) the phosphatase level in 
young cats is higher than in grown-up animals. See table 1. 

Table 1. 

Age variations. The phosphatase level decreases %vith age. (The first 5 
estimations originate from 3 kittens of the same litter. The 11 months 
value is a mean of 10 estimatioms froin 4 cats of another litter). 


Age 

2 1 
days 

10 1 
days 

17 

days 

30 

days 

2 

months 

5 

monhts 

11 

months 

more than 
one year 

Phosphatase 

34 

16 

15 

11 

1 

10 

8 1 

1 6. ' 

1 mean; 4 


Sex variations: The mean of 53 estimations from 17 normal 
female cats is 4.3 :d: 1*7 and the mean of 19 estimations from 7 
males is 3.6 ± 1.4. This suggests a slightly higher level in female 
cats. Pregnancy increases the serum phosphatase (Comp. Ver- 
MEHREN 1939). A cat showed 18 days before delivery a value of 
6.4, and the last day 14.2, The normal level 42 days later, was 2.4. 

Starvation causes a decrease in phosphatase in rabbits, guinea- 
pigs, dogs and rats (references by Wachstein 1945), but according 
to Vermehren (1938) and Buch (1942) not in man. The influence 
of starvation is here investigated in 11 experiments in 9 cats 
which first had a free supply of fish and milk and afterwards 
were starved for 40 hours. Most of them displayed a slight de- 
crease during the starvation period, 2 cats, however, a slight 
increase. The mean before starvation was 4.6, after both 24 and 
40 hours 4.2. Starvation is thus without practical importance 
in cats as opposed to the writer’s previous findings in rats. 

ormaJ values. The mean of 72 estimations in 24 normal, grown- 
up ca B IS 4.1 1.7 phosphatasB units. The variability is thus 

ProJioHnced even in the same cat and the normal level is 
er ow, as compared to man, dog, rabbit, sheep and especially 
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The ojp^ations are performed in coal-gas-ether anaesthesia Ttn 
common bile duct is doubly ligated ndth silk 1— cm from the 
duodenum. (Concerning cats Nos. 11 and 26, see bSoi..) Jaundk 
apeared in 2-3 days. The serum icterus index, lyhich is noma i v 
about 5, reached a maximum in 11-15 days, after ivhich a slight 
decrease began (see the stippled line in Fig. 3, which is a mean cmt) 
The autopy proved that the bile stasis was complete in all operated 
animals (except !£„, see below). The bile ducts were dilated, often 
to an enormous extent, as shown in Fig. 2. 



Fig. 2. Photograph from the antopsy of a cat (Kjj), which shows enormous 
dilation of the gallbladder (g. b.) and the bile dnets (b. d.), especially the common 
bile duct (c. b. d.), which was ligated 30 days previously. 


Serum phosphatase folloiving common bile duct ligation. 

34 phosphatase estimations before and 71 after common bile 
duct ligation in 10 cats are made. One cat, died from the 
heart puncture the day after the operation and is omitted in the 
table. Excluding this animal all ligated cats show an increased 
serum phosphatase after the operation. In table 2 all the phosphatase 
estimations are given in a way that makes it possible to follow 
the phosphatase curve of each single cat. It is noticed that the 
postoperative values are somewhat higher than the preoperative 
ones. But while some animals, e. g. and K33, show a rather 
regular curve, others have a less regular one. In Ehi only a slight 
increase is observed. Some very few values, as Kjj on tbe 12th 
day seem unlikely and are supposed to be erroneous, but are 
included for tbe sake of completeness. 
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Table 2. 

nf the vre- and postoperative phospTiatase values in 9 cats with ligated common bile duct. In spite of the large 
variations an increase in phosphatase is obvious after the ligahon. 
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PhoBphataee. 



Fig. 3. Seram phosphatase after ligation of the common hile dnct. The carve 
IS a mean from 9 cats. The dotted carve is the mean curve of icterus index. 


The last line in table 2 shows the mean values on the individual 
days or of a few days together. The best survey of the whole 
material, however, is given in the curve Fig. 3. The slight drop in 
phosphatase the day after the operation is probably an effect of 
starvation as the cats were starved only 18 hours previous to the 
operations. From the third day, however, an increase is noticed, 
which reaches a maximum about three times the normal level 
on the 6th day and remains at this level during the next two 
weeks. After the 20th day a slight decrease is noticed, which 
continues as long as analyses are made and about the 40th day 
has reached the normal level again. This observation, however, 
originates from a single animal only. 

Some similarity exists between the phosphatase curve and 
serum icterus curve in Fig. 3 but no direct proportionality is at 
hand. 

In two cats, Ku and the common bile duct was ligated 
with a single thin catgut instead of siUc. It was hoped that in some 
days this catgut would rupture, thus allowing the bile to flow 
again. In this did not happen, the course and the autopsy 
showed that the bile stasis was complete and lasting. Otherwise 
in Kii. At first this animal reacted quite in the usual way. The 
appetite had gone, the animal lost weight, became jaundiced, 
dirty and dull. 14 days after the operation the icterus index was 
60. The phosphatase had increased as in the other ligated animals 
to a maximum of 15 xmits. 

On the 17th day, however, the icterus index had suddenly 
dropped till 17^/^ and the animal was obviously much better. 
Soon after, the visible jaundice decreased, the cat began to eat 
more, gained weight and became cleanly. Normal icterus index 
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was readied already on the 20th day — in striking contrast to 
the other animals operated on. The cat was killed on the 45th 
day. At the autopsy the gall bladder seemed normal. The common 
bile duct was neither dilated nor stricturated bub could be probed 
till the duodenum, whose contents were bile coloured. No doubt 
exists, therefore, that between the 14th and the 17th day the 
catgut ligature had ruptured and a normal bile-flow been re- 
established. 

A few days later a gradual decrease in phosphatase occurred, 
which reached the normal level on the 29th day. As the drop in 
icterus index was rather abrupt this is another evidence against 
a direct proportionality between the two. 

Conclusion on serum phosphatase. 

In opposition to the conclusions of previous authors on cats, 
the writer reaches the following conclusions from his material, 
which has been investigated much more thoroughly than earlier 
ones: The cat shows increased serum phosphatase following ligation 
of the common bile duct. This pathophysiologic reaction is of the 
same type as, although less pronounced than, that of all other 
investigated animals. The quantitative difference may be associ- 
ated with the normal low phosphatase level of the cat, that 
again may be caused by the dietary habits of this animal, which 
is a milk and protein-eater as opposed to the other animals and 
man, being chiefly carbohydrate-eaters. 

n. Phosphatase in Bile. 

Bile has been secured for phosphatase analyses at the autopsy, 
immediately after death, of 3 normal cats and 7 cats with ligated 
common bile duct. The latter include two nephrectomized cats. 
Kg and K34, (See section IV,) The bile was diluted with a 0.9 
per cent saline solution and analysed in the way described above, 
but only 50 mm and 15 minutes hydrolysis time was used. The 
figures are converted into the usual units and are given in table 3. 

Bile normally contains very large amounts of phosphatase, 
nollowng ligation of the common bile duct the phosphatase 
actmty falls considerably. The minimum in these cases was 
^ ® days after the operation. Later on, while the serum 
p osp atase approaches the normal level, the bibary phosphatase 
seems to rise again. 
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Table 8. 


Phosphatase m bile, which normally is very high, decreasis jolhioina 
ligation of the common bile duct. ^ 


Cat No. 

27 

5 

34 

30 

21 

33 

19 

10 

14 

IG 

Bays after operation 

■ 


3 

7 

i 

9 

9 

30 

Normals 

Phosphatase in bile 

144 

154 

26 

9.6 

12 

62 

80 

200 

95 

208 


Plood, Gutman and Gutman also report decrease in biUary 
phosphatase following ligation of the common bile duct but in 
their cases no re-increase was observed. 


III. Phosphatase in Urine. 

Urine from dog and man contains only inconspicuous amounts 
of alkaline phosphatase both normally and following bile ob- 
struction. In most normal cats, however, Flood, Gutjun and 
Gutman found phosphatase and after h'gation of the common 
bile duct an increase above the normal level was observed in 5 of 
12 investigated cats. These observations made the authors assume 
that the kidney of the cat has the ability to clear alkaline phospha- 
tase. This question will be discussed again in the next section. 


Experimental. 

Urine has mostly been obtained by catheterization in female cats 
whose urethra ends about Yz cm up in the anterior vaginal wall. The 
phosphatase was estimated as in bile (but without dilution) and con- 
verted into the usual units. (All methods depending upon phosphorus 
analyses are less convenient for urine because of its appreciable and 
varying phosphorus content). 

The amount of phosphatase in the cat’s urine proved rather 
high and variable. 24 estimations from 14 different normal cats 
gave a mean of 48 ±30 units. Following ligation of the common 
bile duct 31 estimations from the 1st to the 45th day after the 
operation of 9 different cats are available. The variation is ap- 
preciable, but no characteristic fluctuations are observed. The 
mean of all postoperative values is 37 ± 27 units. The present 
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material thus does not reveal any sign of increase of urinary fhos- 
phatase following bile obstruction. 

Investigations on sediment and supernatant urine -were sometimes 
made after ordinary centrifugation at a rate of 3,000 revolutions per 
minute for 10 minutes. The sediment constantly had a higher phos- 
phatase activity than the total urine, which again had a slightly 
higher activity than the supernatant urine. But the total amount of 
phosphatase was always largest in the supernatant urine as the 
sediment was scanty. (Comp. Beeedis, Florey and Furth, 1943.) 
Histochemical investigation according to Gomori has been performel 
on the sediment, which mostly consisted of desquamated epithelial 
cells of the bladder containing phosphatase. A few leukocytes and 
tubular cells were also met with. 


IV. Serum Phosphatase after Bile Obstruction and 

Nephrectomy. 

Until now it was believed, as previously mentioned, that the 
cat does not increase the serum phosphatase after ligation of the 
common bile duct. Furthermore, the high urinary phosphatase 
and the alleged increase hereof during bile obstruction was known. 

Gomobi, 1939, with his histochemical method demonstrated 
the presence of phosphatase in the glomeruli of cats but not in 
other species. This observation has been confirmed by Wilmer 
(1944) and the author can also sustain it. 

A combination of these peculiarities might lead to the follow- 
ing hypothesis which was hinted at by Mooa (1946); 
The cat has the ability to clear alkaline phosphatase and, after 
bile obstruction, to compensate an expected increase in serum 
phosphatase through increased output via the kidneys. 

Although the chief arguments for this hypothesis have been 
refuted already, it might yet be of some relative validity. This 
section intends to give a clear experimental answer to that. 

If the kidneys are excluded on cats with ligated common 
bile duct, a distinct rise in serum phosphatase must be expected 
if the hypothesis is right. If, on the other hand, such rise does 
not occur, the hypothesis must be abandoned. 

Previous experiments in this field is only performed by Flood, 
Gtjti^n and Gutman who ligated the meters of two cats which 
previosuly had their common bile ducts ligated. Increase in 
P ospl^tase was not observed. But only one, resp. two analyses 
were o tained, and not later than the second day. So the authors 

are not draw any conclusions from these two experiments. 
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Experimental. 

Neplirectomy is more appropriate than ligation of the ureters which 
does imt completely exclude the kidneys. In this investigation 10 cats 
have been used. Concerning blood sampling, phosphatase estimation 
and anaesthesia, see section 1. In 7 cats the common bile duct was 
doubly ligated with silk and the kidneys decapsulated and removed; 
in three controls (Kge, K37 and K39) the kidneys were removed hut 
the common bile duct not ligated. The cats were starved for 18 hours 
prior to the operation. Afterwards they got milk but hardly drank 
any. On the second day they became seedy, on the third day more 
seedy with vomitings. Blood urea exceeded 300 mg per cent on the 
third day and 400 mg per cent on the fourth day after operation. When 
the cats were so ill that they cold not stand, they were killed (on the 
third or fourth day). At the autopsy complete bile stasis was found in 
all ligated animals. In accordance with this the serum icterus index 
had increased from the normal (about 5 — 6) till about 10 — 15. One 
animal had developed an abscess in one of the kidney beds and was 
left out. 

Results: From table 4 it appears that all pre- as well as post- 
operative values in the first four, most carefully investigated 
animals, are within normal limits. The single increased value in 
Ks two days after the operation, cannot be trusted too much, 
as no less than 3 different analyses next day are normal. 

The investigation thus shows that the serum phosphatase does 
not increase after common bile' duct ligation and simultaneous 
nephrectomy. The hypothesis which was tried, must thus be 
abandoned as incorrect: The cat does not compen- 
sate a rise in s e r u m p h 0 s p h a t a s e b y m e a n s 
of phosphatase excretion via the kid- 
neys. It shall be added that these results concern the active 
enzyme only, nothing is shown concerning possible pro-enzymes. 

In connection ■with these experiments it is of interest to study 
what influence uremia may have on serum phosphatase. The 
controls in table 4 indicate that a slight decrease occurs. 
According to Pyle, Fisher and Clark (1937) creatine or crea- 
tinine do not inhibit phosphatase. Urea, therefore, must be tried. 

In vitro experiments xoitli urea: In serum samples from 3 different 
cats the phosphatase actmty was estimated after addition of pure 
urea in different concentrations. An inhibition began at 100 mg 
per cent of urea and reached 30 per cent at a concentration of 
300 mg per cent of urea and 40 per cent at 800 mg per cent. 
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Table 4. 

Serum phosphatase before arid after nephrectomy with {the first 6) or 
loithout (last 3) simultaneous ligation of the common bile duct. I\o 
phosphatase increase, but on the contrary a slight drop is observed in 

7 ?iost cases. 


Cat 

No. 

days before 
operation 

days after 

3 

2 

1 

1 

2 

3 

15 


4.1 

4.9 

5.7 

2.C 

. 

2.5 

17 

4.3 

4.8 

4.0 

2.3 

3.0 

3.1 

18 

4.3 

4.3 

3.2 

1.7 

4.1 

G.c 

34 ' 

5.2 

4,2 

7.0 

2.4 

3.S 

2.5 

5 


5 



14 (?) 

4 

7 



1 8 

1 

1 

8 

1 

G 

0 

36 

2 

0.9 

2.5 

4.0 

2.0 

0.7 

37 


4.0 

4.0 

1.7 

2.0 1 

1 

39 

1.0 

4.0 

— 

1.5 

1.0 

1.0 


This finding may explain why the double-operated cats in table 
7 do not display increased phosphatase even on the third day, 
which should otherwise be expected according to the results in 
section I. 

This work has been supported by “The King Cliristian X’ 
Foundation” and by “The Carlsbergfoundation^’. 


Summary. 

It has been maintained that the serum phosphatase of cats 
does not increase after common bile duct ligation as it does in 

porSd^^^^^ assumption seems weakly sup- 

The present material comprises 39 cats in 10 of which the com- 
mon 1 e duct has been ligated. The phosphatase is estimated by a 
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modified Bitch and Buck (King and Armstrong) method. The 
variability of serum phosphatase is appreciable but a few normal 
variations are noticed: Young cats have a high level During 
pregnancy the phosphatase increases. The mean value for female 
cats is slightly higher than for males. 40 hours of fasting affords 
only an inconspicuous decrease. 

All cats with ligated common bile duct display an increase in 
serum 'phosphatase which begins on the 3rd day, reaches a max- 
imum between the 4th and 17th day and then gradually decreases 
again. (See the mean curve, Fig. 3.) In one cat the bile flow was 
re-established after two weeks of bile-stasis and the serum phospha- 
tase dropped to the normal level within a few days. 

Phosphatase in bile which is normally very high, decreases after 
common bile duct ligation. 

Urinary phosphatase vary very much normally. In the present 
material it does not increase during bile-stasis. The hypothesis 
that the cat is able to compensate an increase in serum phos- 
phatase by an increased output through the kidneys must there- 
fore be abandoned. This is in keeping with the findings in cats 
with simultaneous common bile duct ligation and nephrectomy. 
Such animals do not show increase of serum phosphatase. 

In vitro experiments show that urea inhibits phosphatase. 

The investigation shows that with regard to phosphatase during 
obstructive jaundice, the cat differs less from other animals than 
was previously supposed. 
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The Effect of Essential, Synthetic Amino Acids 
on the Growth of Eats. 

By 
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It has been shown by Rose (1938) that for the normal growiili 
of rats the ten amino acids, arginine, histidine, isoleucine, leucine, 
lysine, methionine, phenylalanine, threonine, trj'ptophane and 
valine are essential. In these tests a mixture containing all the 
amino acids occurring in casein, except hydroxyglutamic acid 
and serine, was used. From this mixture one of the amino acids 
was removed and, if there was no change in the growth, the 
amino acid in question was regarded as dispensable; but, if the 
result was a decrease or a poorer increase in weight, the corres- 
ponding amino acid was considered not dispensable or essential. 
After this grouping of the amino acids, it was naturally of interest 
to see how far the growth of the rats could be promoted solely 
with the 10 essential amino acids. According to Bose (1. c.), 
the rats grow equally well on a mixture with the 10 essential 
amino acids as on a mixture comprising all the 19 amino acids. 
Precise data regarding the results of these experiments have not 
been given by this author. In his tests, however. Rose (according 
to a personal communication of 1917) never used synthetic amino 
acids solely. 

Albanese and Irby (1943) made experiments on growing rats 
with an amino acid mixture containing l-tryptophane, 1-lysinc, 
1-cystine, d-histidine, d-arginine, Meucine, an 1-leucine-isoleu- 
cine mixture, dl-valine, dl-methionine, dl-phenylalanine and dl- 
threonine. The result was a decrease of the body-weight of growing 
rats, despite of a positive nitrogen balance. The concentration of 
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the amino acid mixture in the diet was 14.7 %. If the concen- 
tration was increased to 29.4 % the rats markedly decreased in 
weight and half of them died within five days. From tHs the 
authors inferred that the racemic forms of the amino acids are 

toxic. ■ . . . • j • 

Kinsey and Gbant (1944) criticize the above-mentioned in- 
vestigations of Albanese and Ibby (1. c.), pointing out manifest 
sources of error in these tests. They made corresponding in- 
vestigations with the 10 essential amino acids solely. The amino 
acid mixture contained the following forms: 1-arginine, 1-histi- 
dine, dl-isoleucine, 1-leucine, 1-lysine, dl-methionine, dl-phenyl- 
alanine, dl-threonine, dl-tryptophane, and dl-vahne. With a con- 
centration of 5.8 and 11.6 % of this amino acid mixture in the 
diet a satisfactory growth was obtained in rats. 

Corresponding results are reported by Mabtin (1944). He 
tested an amino acid mixture consisting of l-arginine, 1-histidine, 
dl-isoleucine, 1-leucine, 1-lysine, dl-methionine, dl-phenylalanipe, 
dl-threonine, 1-tryptophane, dl-valine. With a concentration of 
of 16 % of this mixture in the diet, a growth of ca. 1 gram per day 
in rats weighing 50 grams was obtained. 

Albanese and Ibby’s (1. c.) results must thus be considered to 
be erroneous, and it may be regarded as definitely ascertained 
that groxYth in rats can be promoted with the 10 essential amino 
acids solely. In the above-reported tests the natural isomers and 
racemic forms were used alternately. It has been shown that 
certain isomers of the amino acids cannot be utilized by the body. 
Thus, the unnatural isomers of isoleucine, leucine, lysine, threo- 
nine and valine cannot be used for the syntheses of body-protein, 
whereas the two isomers of histidine, methionine, phenylalanine 
and tryptophane can be utilized by the body (Rose 1938). The 
question then arises whether the isomers that caimot be utilized 
by the body are toxic or harmless for the organism. Investigations 
on this subject have not previously been made. Should it be so 
that the organism can develop on a diet containing a mixture of 
the 10 essential amino acids solely, supplied in the racemic forms, 
this would signify that grovd;h can be obtained with purely 
synthetic amino acids. In the chemical synthesis of amino acids 
ra^mic compoimds, as we know, are always obtained. 

n the investigation reported below, it is shown that with the 
iO essential amino acids, syntheticaUy produced, as the sole 
source o nitrogen, growth in rats can be promoted. 
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Experimental. 

Amino acids: All the amino acids used in these experiments were 
synthetized by the author in accordance with the following methods- 

dl-arginine HCl. The_ basis of the production was cyclohexanol' 
wmcn was oxidized, with nitric acid, to adipic acid (Ellis 1946)! 
The adipic acid was decarboxylated to cyclopentanone (Thorpe and 
Kon 1946), which was converted into d-benzoyl-ornithine via cyclo- 
pentanone oxime, piperidone, d-benzoylamino-n-valeric acid, d-ben- 
zoylamino-a-bromo-n-valeric acid (Fox, Dunn and Stoddard 1941). 
By benzoylation of ^-benzoylornithine, ornithuric acid was then 
obtained.^ From ornithuric acid, via a-benzoylornithine and a-ben- 
zoylarginine, arginine mono-hydrochloride according to the method 
of Sorensen, Hoyrup and Andersen (1911/12) was produced. — 
From 230 g cyclohexanol 14 g dl-arginine HCl (2.9 % of the theo- 
retical amount) were obtained. 

dl-Jiistidine HCl. In one series the synthesis was based on citric 
acid, which was converted into acetone dicarbonic acid (v. Pech- 
MANN 1891). The latter was treatfed with sodium nitrite, thereby 
forming diisonitrosacetone (v. Pechmann and Wehsarg 1886). 
By reduction, diaminoacetone was then obtained (Kalischer 1895). 
From the latter product, dl-histidine mono HCl, according to the 
method of Pyman (1911) was then produced, via 2-thiol-4(or 5)-amino- 
methylglyoxaline, 4(or 5)-hydroxymethylglyoxaline, 4(or 5)-ohloro- 
methylglyoxaline, ethyI-4(or 5)gIyoxaIinemethyJch]oromalonate, r- 
chloro-^-gIyoxaline-4(or 5)-propionic acid. In this process, 12 g dl- 
iistidine HCl (0.3 % of the theoretical amount) were produced 
from 4.5 kg of citric acid. 

In subsequent synthesis 4(or 5)-hydroxymethy]gl70xaline was 
produced from saccharose in accordance with the methods of Albert- 
son and Archer (1945) and Totter and Darby (1944), whereupon 
the product was converted into 4(or 5)-chloromethylglyoxaline 
according to the method of Pyman (1911). By condensing with 
ethylacetamidomalonate and following hydrolysis and decarboxyla- 
tion dl-histidine di-HCl was then obtained (Albertson and Archer 
1945). From 171 g saccharose 3.5 g dl-histidine di-HCl were obtained 
(6.5 % of the theoretical amount, reckoned from hydroxymethyl- 

glyoxaline HCl). , . 

dhisoleuci 7 ie. Produced from sec. butyl alcohol, which was con- 
verted into sec. butyl bromide (Goshorj^' and Boyt) 1946). By con- 
densing sec. butyl bromide and diethyl malonate, bromination, 
hydrolysis, decarboxylation and amination, dl-isoleucine was then 
obtained (Marvel 1941). From 135 g sec. butyl alcohol, 34 g dl- 
isoleucine were produced (14 % of the theoretical amount). 

dUeucme^ From isobutyl alcohol, isobutylbromide (Goshorn and 
Boyd 1946) was produced, whereupon a similar synthetic process 
as in the production of dl-isoleucine was applied. From 280 g iso- 
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butyl alcobol 70 g dl-lcucine were obtained (U % of the theoretical 

amount). , , , . , 

dl-lysine SCI. It was produced from cyclohexanone via cyclo- 
hexanone oxime, e-benzoylaminocaproic acid, e-benzoyl-a-bromo- 
caproic acid and dl-e-benzoyllysine (Eck and Marvel 1946). The 
output was 66 g dl-lysinc HCl froiu 558 g cyclolicxanonc (6 % of tnc 

theoretical amount). ,^1 i .i. i 

dl-methionine. The syntheses was based on p-chloroethylmctnyl 
sulphide produced from hydroxyethylmcthyl sulphide (Kirner and 
WiNDDS 1946), obtained by condensation of methyl mercaptan and 
ethylene chlorohydrin (Windus and SchildnEck 1946). Methyl mer- 
captan was produced from methyl isothiourea sulphate, obtained from 
thiourea and methyl sulphate (Schildneok and Windus 1946). 
j5-chloroethylmethyl sulphide was condensed with ethyl sodium 
phthalimidomalonate into ethyl 1 -methyl thiol-3-phthalimidopropane- 
3.3-dicarboxylate, which compound was hydrolyzed and decarboxy- 
ated. Methionine was so obtained via l-methyl'thiol-3-phthalimido- 
propane-3.3-dicarboxylic acid (Barger and Weichselbaum 1946). 

The ethyl phthalimidomalonate was produced from ethylbromo- 
malonate and potassium phthalimide (Osterberg 1946). Ethyl- 
bromomalonate was synthetized in accordance with the method of 
Palmer and McWherter (1946). Potassium phthalimide was pro- 
duced by the method of Salzberg and Supniewski (1946) from 
phtalimide, which, in turn, was obtained from phtalic anhydride and 
NH4OH (Noyes and Porter 1946). From 230 g thiourea and 610 g 
phtalic anhydride, 100 g methionine were obtained (22 and 16 %, 
respectively, of the theoretical amount). 

dl-pJienylalanine. From benzylchloride via diethylbenzylmalonate, 
a-bromo-^-phenylpropionic acid, phenylalanine was synthetized 
(Marvel 1941). From 211 g benzylchloride 100 g dl-phcnyl-alaninc 
were obtained (40 % of the theoretical amount). 

dHhreonine was prepared according to Carter and West (1937) 
rom crotonic acid via a-bromo-^-mcthoxy-n-butjTLic acid. From 
516 g crotonic acid 80 g dl-threoninc were obtained (11 % of the 
theoretical amount). 

dl-tryptopJiane. The basis of the synthesis was indole via gramine, 
the methiodide of the gramine (Snyder, Smith and Stewart 1944), 
ethyl-a-carbethoxy-a-acetamido-|5-(3-indole)propionate, a-acetamino- 
a-carboxy-^-(3-indole)propionic acid (Snyder and Smith 1944). 
From 39 g indole, 26 g dl-tryptophane were obtained (38 % of the 
theoretical amount). 

_ dl-vali^. The production was based on isovaleric acid via a-bromo- 
movaleric acid (hlARVEL 1940). From 2,634 g isovaleric acid 880 g 
dl-valine were obtained (27 % of the theoretical amount). 

+;r.T,*^ a nitoogen-free diet, a mixture of the following composi- 
wflq amount of nitrogen in the different constituents 

Ta ™ St S°2) ® method (Petehs 



308 


K. A. J. WRBTLIND. 


Dextrin 

Wheat germ oil 

Cod liver oil 

Adeps suillus 

Salt mixture (OsbornB and Mendel 1919) 

Total 


Grams 

Nitrogen percentage 
in the 


constituents 

69 

O.002 

1 

O.004 

2 

0.02 

19 

O.OOl 

4 

O.OOG 

95 

0.002 O/oF. 


To this diet was then added a mixture of the synthetic essential 
amino acids with the following composition. 


dl-arginine HCl 

Grams 

Percentage' 


8.3 

dl-histidine HCl 

1.2 

3.6 

dl-isoleucine 

4.0 

15.0 

dl-leucine 


15.0 

dl-lysine HCl 

2.8 

8.4 

dl-methionine 

2.0 

1.5 

dl-phenylalanine 


6.0 

di-threonine 

3.2 

12.0 

dl-tryptophane 

0.8 

3.0 

dl-valine 

5.0 

21.0 


27.8 


For neutralization of the hydrochlorides, 2.7 g NaJSCOs per 27.8 
amino acid mixture were added. 

The experimental diets were thus obtained by mixing the amino 
acid mixture and the nitrogen-free diet. The following concentrations 
were used; 10, 20, 30 and 40 % (corresponding to 9.0, 19.2, 28.0 and 
38.4 %, respectively, if the HCl in the hydrochlorides is subtracted). 

Method. As experimental animals, white female rats with a weight 
of 44.5 to 50; 4 grams were used. They were allowed to eat as much 
of the food as they pleased. Water was also given ad libitum. They 
daily received, in addition, 5.2 mg of a vitamin mixture composed 
as follows; 

mg 


Aneurin *^0 

Eiboflavin 50 

Nicotinic acid amide 1,000 

Pyridoxine 30 

Ca-dl-panthotenate 100 

Inositol 1,000 

Choline chloride 3,000 


Total 5,210. 

» The percentages reckoned after subtraction of the amount of hydro- 
chloric acid occurring as hydrochloride. 
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During the experiment the rats were kept in network metal c^es 
nlaced in a room with a regulated temperature of 23— 24 me 

experimental period varied between 10 — 22 days, the discontinuance 
of the tests being invariable due to shortage of amino acids, ine 
animals were as a rule weighed daily at 9 a. _m. 

In fig. 1 and 2 the curves showing the weight of the rats on tne 

different diets are traced. 


Results: It is seen from fig. 1 and 2 that on a diet containing 
10 % of a mixture of synthetic amino acids the rats increase in 
weight. The increase per the first 10 days averages 3.3 1.4 

grams. On the 20 % diet the increase in weight is better and 
surer, averaging 8.9 i 1-5 grams per the first 10 days. But when 
the rats were put on a diet with 30 % amino acids, they showed in 

3 cases of 4 a decrease in weight. The average decrease (in all 

4 cases) was 1.1 dz 2.5 grams within the said time. If the rats 
were fed a diet containing 40 % of amino acids the result was a 
decrease in weight during the first 10 days averaging 6.3 i 2.7 
grams. One of the rats, however, seems to he able to increase its 
weight on the 40 % diet, as the weight curve after the first 10 
days raises above the initial value. 

These results thus indicate that solely with the 10 essential 
amino acids, synthetically produced, it is possible to maintain 
growth in rats if the amino acids are administered in certain 
concentrations in the diet (10 and 20 %). If the concentration is 
increased (up to 30 and 40 %), a decrease in weight results, instead. 


Discussion, 

The above-reported tests completely support the previous 
investigations, in which it has been shown that with the 10 essen- 
tial amino acids solely, it is possible to promote growth in rats. 
They moreover show that even if the racemic compounds of these 
amino acids are used, growth will result. Thus it could be stated 
that the unnatural isomers of the essential amino acids are rather 
harmless as it was possible to maintain growth in rats if the amino 
acids were given in a concentration of 10 and 20 % of the diet. 

ere seems, however, to be some toxicity of these racemic forms, 
as 1 was^ ound that at higher concentrations (30 and 40 %) 
occurred. Which of the amino acids or isomers 
invp^^^ oannot be ascertained without a very thorough 

mvestigation. Naturally, the possibility that the synthetic amino 
23-480/, 44. Actaphys.Scandinav. Vol. 15 . 
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acids are chemically impaxe cannot be completely ruled out 
This, however, seems to the author extremely improbable, as all 
the amino acids after they had been produced and been found 
to have the corresponding physical properties (melting point, 
crystalline form) were recrystaUized. 


Summary. 

The author has studied the growth of rats which as the sole 
source of nitrogen had received a mixture of the racemic forms of 
the 10 essential amino acids, synthetically produced. As nitro- 
gen-free diet, a mixture containing merely 0.002 % hT was used. 

On a diet containing 10 % of this amino acid mixture a growth 
averaging 0.33 0.14 grams per day was obtained. 

On a 20 % diet the growth of the rats averaged 0.89 d: 0.15 
grams per day. 

On the other hand if the rats received 30 and 40 % amino 
acids in the diet, a decrease in weight, averaging 0,11 ±0.26 and 
0.63 ±0.27 grams per day respectively, resulted. Thus, it must 
be considered that these synthetic amino acids in their racemic 
forms, contain some toxic matter, but exactly whence it emanates 
has not yet been ascertained. 

The synthesis of the 10 essential amino acids is briefly de- 
scribed. 
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This method was worked out in the intention of trying to exam- 
ine the reabsorption of arginine in the kidneys. A comparison of 
the renal reabsorption processes for several aminoacids has been 
made previously by Pitts (1944) and Ussing (1945); their results 
will be discussed later. As, however, most of the experiments 
which will be described here were made just after the war, the lack 
of chemicals excluded a real examination of the problem of re- 
absorption, so the experiments regarding this are very few and only 
of an orientating kind and mainly given to show the application 
of the method. At the same time not much literature was avail- 
able, so not until later it was discovered that in the meantime a 
similar method had been worked out by Albanese and Feankston 
(1945). These authors determined the true arginine as the differ- 
ence of the apparent arginine values of an aliqvot treated with 
permutit and one not so treated, as they did not succeed in eluat- 
ing the adsorbed arginine quantitatively from the permutit. TJic 
present method like that of Albanese and Frankstox (J. c.) 
is based upon the reaction of Sagaguchi: Arginine gives a red 
colour of unknown structure in alkaline medium when treated 
with a-naphtol and hypochlorite. The reaction is not quite spe- 
cific for arginine as it is given by related compounds especially glyco- 
cyamine, methylguanidine and ammonia. Of these substances 
glycocyamine and ammonia probably play the most important 
part as methylguanidine according to most statements (Guggen- 
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HEIM, 1940) only occurs as a trace in urine under not pathological 
conditions. But this method differs from the above mentioned 
in the way that the separation of arginine from glycocyamine was 
made by adsorption of the arginine in 70 % alcoholic solution on 
an alkaline column of AlA [prepared according to Wieland 
(1942)] from wHch. arginine could be eluated witb 1/10 n HCl. In 
the production of the colour iiBANESE and Fbankston (1. c.) 
used a dilute sodium hypochlorite solution, which had proved to 
give the greatest stability and lowest blank. Here is used a pot- 
assium hypobromite solution prepared according to Macpheeson 
(1942), and when the colour was produced as described later it 
gave reproducible values. 


Experiments and Results. 

The method for urine analyses is the following: About 5 g AI 2 O 3 
(Merck) is dispersed in 10 ml 70 % ethanol and a column about 80 
mm in height is made in a tube with a diameter of 10 mm. The sample, 
4 ml urine is made neutral to lithmus, and 96 % ethanol is added until 
the total volume is 15 ml. The alcoholic solution is gently sucked 
through the column, and after that 30 ml 70 % ethanol. When the 
column has been sucked practically dry, the centrifuge tube which 
acts as a receiver is shifted and then first 15 ml 1/10 n HCl is sucked 
through and afterwards 10 ml water. In this way all the glycocyamine 
is found in the filtrate while arginine and ammonia is in the eluate. 
Both fractions are evaporated in vacuo to a volume of 20 ml. Before 
the evaporation the eluate is made alkaline to phenolphthalein partly 
to precipitate the aluminum ions as hydroxide which is filtered off 
and partly to free the ammonia which then is distilled off. Half of the 
evaporated samples, 10 ml, is transferred to a 25 ml flask and the 
colour is produced according to Macpherson’s modification (1. c.) 
of the Sagaguchi-reaction with the only difference that here is used 
3 additions of urea and hypobromite to stabilize the colour. The read- 
ings are made in an electric photometer (Rehberg 1943) using a green 
filter (Schott u. Genossen V. G. 9 ). Besides the samples a pair of 
blanks are run. The blank has a rather high value and may vary a 
little from time to time depending mainly on the age of the chemicals 
being most stable when the hypobromide is some days old. The absolute 
concentrations are read on a standard curve (fig. 1 ) presenting the 
relation between the amount of arginine in mgs and the galvano- 
meter readings - the blank. As the photometer scale is logarithmic, 

the straight course of the curve means that Lambert-Beers law is 
satistied. 

Control experiments in table 1 show that practically all glyco- 
cyamine added to urine is refound in the Ifiltrate. 
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Table 2 shows likewise that nearly all arginine added to the 
urine is refound in the eluate. 

On serum the method can be used without any alterations. 
About 20 ml of blood taken from an arm-vein is collected in a 
centrifuge tube and immediately centrifuged; after a quarter of an 
hour the coagulum is loosened from the sides of the tube, and the 
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Table 1. 


Exp. I. 

Filtrate 

Eluate 1 

1 

2 ml urine 

1 ml glycocyamine 
solution. 

2 ml urine + 1 nil 
glycocyamino 
solution 

155 

60 

450 

600 

60 

Exp. II 




Filtrate 

80 


536 

Eluate 

58 


66 


Table 2. 



Pf tnl urine 

1 ml arginine 


Exp. I 


solution 

arginine solution 

Filtrate 

132 

45 

130 

Eluate 

53 


95 


2 ml urine 

2 ml arginine 

2 ml urine + 2 ml 

Exp. II 


solution 

arginine solution 

Filtrate 

163 

88 

155 

Eluate 1 

80 


165 


Table 8. 


Exp. I 

4 ml serum 

. 

1 ml arginine 
solution 

4 ml Borum + 1 ml 
arginine Bolution 

Filtrate 

A 

80 


Eluate ........ 

U 

QO 

3 




114 

Exp. II 

4 ml serum 

2 ml arginine 
solution 

4 ml serum + 2 ml 
arginine solution 

Filtrate 

A 

165 


Eluate ...... 

U 

30 

^ 2 

185 


serm ifdUuterSt™ “f' retracted. Tire 

triclrWfe a^*V:dd:?T; “Ta' % 

tenrperatuie a tetlier vnl ' etanding an honi at room 
inither volmne of water is added, and tie pre- 
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cipitate is filtered off. • The trichloroacetic acid is extracted with 
ether for one hour in an extraction apparatus, and the filtrate is 
concentrated in vacuo to such a volume, that one ml corresponds 
to one ml of the original serum. 8 ml, neutral to lithmus, is made 
70 % as regards ethanol, absorbed and treated in the same way 
as described under the urine analyses. 

Table 3 shows some control experiments. 

Judging from these figures it might be assumed that an ad- 
sorption should not be necessary, the filtrate having nearly the 
same extinction as the blank. But one of the persons used for the 
experiments had very high values for the filtrate, so adsorption 
could not be omitted and was performed in all cases. 

Table 4 gives examples of the content of arginine in urine and 
serum from different persons who had not previously been fasting. 


Table 4. 


Arginine concentration mg % 

serum 

urine 

1.52 

3.40 

1.74 

3.30 

1.78 

3.40 

2.69 

2.30 

1.23 

2.43 


With a diuresis of 1.5 1 per day about 50 mg arginine is thus 
excreted while about 2.00 g a day pass out into the glomerulus 
filtrate when the filtration is taken as 150 1. By far the most of 
the arginine is consequently either actively reabsorbed or diffuses 
passively back from the tubuli. Should a passive back diffusion 
be in question it was to be expected that the excretion of arginine 
would be increased at high diuresis. Experiments were made in 
which the persons had first obtained a low diuresis after thirsting 
and then had forced the diuresis up to a high value by drinking 
about 2 1 water. 

From table 5 which presents the results it is seen, that the ex- 
cretion of arginine does not vary much from the low to the high 
diuresis; in the first two cases it is even lower at the high diuresis, 
so it may be assumed that arginine is actively reabsorbed. This 
reabsorption may be realized with a mechanism "which either may 
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be specific to arginine or conamon to several amino acids. Should 
the latter he the case it might he supposed that the excretion of 
arginine would be increased after intake of a large amount of 
another amino acid. 


Table 6. 


diureso ni]/hour 

arginino ing% 
in urine 

mg arginino 
cxcretcd/hour 

27.3 

3.50 

0.055 

6G0.O 

0.15 

0.S4O 


Ezp. II 


28.8 

3.15 

0.007 

480.O 

0.185 

0.8SO 


Exp. Ill 


29.0 

2.01 

O.SCl 

73G.O 

0.145 

1 1.003 


Only one experiment of this kind has been made and the result 
is shown in table 6. 

The person used for this experiment had been fasting for twelve 
hours. One hour before the intalce of glycine the urine was voided 
and a blood sample of ca. 20 ml was taken from an arm-vein. 20 g 
glycine were given in 250 ml water and the urine was voided one 
hour later and again after 2 and 3 hours. A blood sample of 20 ml 
was taken lYs hour after the glycine intake. Plasma and urine 
were analysed for arginine in the usual way. The glycine analyses 
were carried out after the method described by Ussing (1945). 
In the case of the plasma only the total NHj-N was determined, 
partly because the procedure with the ten t;mes absorption on 
coal claims a relatively large amount of blood, and partly because 
1 was not absolutely necessary as the corresponding value for 
g yeme of the first sample could be deduced from the tables of 

whole difference in 
between the first and the second was calculated as glycine. 

exactlv!ipp^nV° performed 

was not ^ mentioned. The rate of filtration 

ance (120 calculations the value of inulin clear- 

( 0 ml/mm.) has been used in both cases. This is not quite 
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Table 6. 


period e 

diurese 

ml/hour 

glycine n 

plasma 

urine 

excreted 

mg/hour 

filtered 

mg/hour 

reabs. 

mg/h. 

reabs, 

O' 

/o 

total 

NHj-N 

mg% 

cone. 

mg% 

total 

NH,-N 

“g% 

cone. 

“g% 

Last hour 
before gly- 
cine intake 

26 

4.9G 

6.54 

16.15 

26.9 

- 6.75 

470.88 

464.13 

98.5®' 

1. hour af- 
ter glycine 
intake . • . . 

22 

■ 

■ 



32,12 




2. hours . . 

24.5 

6.98 

17.34 

118.50 

615.0 

126.1S 

1 248.48 

1 122.30 

89.8 

3. hours .. 

34.5 

Hi 

m 



231.15 

— 


i ^ 

arginine 

last h 

25 

4.96 

1.78 

16.15 

3.42 

0.86 

111.2 

110.34 

99.2 

1 

22 


— 

42.00 

3.20 

0.71 

— 

— 

- 

2 h 

24.5 

6.98 

1.71 

118.50 

2.40 



122.53 

99.5 % 


34.5 

( 

— 

— 

145.00 

2.70 

0.93 

— 

— 

— 


collect as Pitts (194:4:) has shown that the filtration rate increases 
with the amino acid intake. He finds in his experiments on dogs 
that the filtration increases from 60 — '80 ml/minute when the 
corresponding total NHg-N in plasma increases from 4 — 20 mg%. 
The variation in this experiment however in plasma total NHj-N 
is from 4.96 — 6.98, so the error in using the same value for the 
filtration cannot he very important. 

As far as anything can be concluded from one experiment, this 
seems to suggest that the reabsorption of arginine is quite unaf- 
fected by glycine and that apparently they are not reabsorbed by 
the same mechanism. Pitts (1944) assumes a mechanism common 
to all amino acids preferring glycine to alanine and in decreasing 
order glutamic acid and arginine. This does not quite agree with 
UssrNG (1. c.) whose experiments seem to indicate that glycine is 
not reabsorbed by the same mechanism as the other amino acids 
examined (histidine, tyrosine). If, however, the mechanism is a 
common one, the affinity order set up by Pitts might perhaps 
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be reversed at low concentrations, arginine in that case beeing 
more effectively reabsorbed than glycine. 

Snmmary. 

A method is described for determining arginine in urine and 
serum colorimetrically after adsorption in 70 % alcoholic solution 
on an alkaline column of AljOa and subsequent eluation with 
1/10 n HCl. 

A few experiments regarding the reabsorption of arginine in 
the renal tubules are reported. 

The author wishes to express her sincere thanks to the head 
of the institute Professor P. Brandt Rehberg for placing all the 
laboratory facilities at her disposal. 

My thanks are also due to Dr. XJssing for his great helpfulness 
and advice. 
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Holst (1943) investigated the excretion of glycerol in the 
kidneys of narcotized rabbits during . continuous intravenous 
administration of glycerol. The main purpose of his experiments 
was to ascertain whether poisoning with phloridzin has an effect 
on the glycerol excretion corresponding to its effect on the excre- 
tion of glucose. Holst’s results show that such is not the case. 

As glycerol is phosphorylated with great intensity by the tissue 
of the renal cortex in vitro, and as this phosphorylation is inhibited 
by phloridzin, Holst’s findings meant a very considerable weaken- 
ing of the principal arguments that can be advanced in support 
of the theory that phosphorylation constitutes a stage in active 
reabsorption of glucose in the kidneys. These arguments are, as 
we know, to the effect that glucose is phosphorylated with great 
intensity by renal cortex tissue in vitro, that this phosphorylation 
is specifically inhibited by phloridzin and that phloridzin checks 
the reabsorption of glucose in the kidneys. 

The above-mentioned arguments in favour of the theory of 
phosphorylation as a stage in the active reabsorption of glucose 
can after Holst’s observation be applied only if it is at the same 
time assumed that the excretion of glycerol in the kidneys differs 
fundamentally from the glucose excretion. 

Holst’s investigations on rabbits indicate that such is the case, 
since he found that the excretion percentage E (the percentage of 
the glycerol filtered through the glomeruli that is excreted in the 
urine) is constant in one and the same animal, irrespective of the 
glycerol concentration in plasma and of the excretion of water. 
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E varied, however, greatly from animal to animal, from a small 
percentage up to 60 per cent. Holst was unahle to ascertain 
whether glycerol is a threshold substance or not, but he drew 
the conclusion that, if it is a threshold substance, then the thres- 
hold is very low, under 10 mg per 100 ml. 

The present work embraces a re-investigation of Holst s 
findings, with use of human subjects of experiment, partly 
because with the methods employed the determination of glycerol 
can be more easily effected in human urine than in rabbit urine, 
as also Holst has noted, and partly in order to avoid the use of 
narcotics. 


Methods. 

Holst’s method for determination of glycerol in blood and urine 
is based upon a reaction between acrolein and anthron (Bally and 
Scholl 1911), whereby is formed benzanthron, which in sulphuric 
acid solution has an orange-red colour and gives olive-greeflu fluores- 
cence. The method has been employed by Schutz (1938) for colori- 
metric determination of glycerol in aqueous extract. Holst employed 
the same colorimetric method after having obtained precipitation of 
protein and other disturbing substances by means of basic acetate 
of lead, zinc sulphate and sodium hydroxide. In case of urine this 
precipitation was effected after previous treatment with activated 
charcoal. Holst carried out the colour test in a quantity of liquid 
corresponding to O.i ml of plasma or blood and in case of urine cor- 
responding to 0.1 ml of a urine filtrate obtained after the excreted 
urine had been diluted and treated with charcoal. An ordinary 
Dubosq colorimeter was used for the analyses. Ltjndsgaard (1946), 
when applying Holst’s method for determination of glycerol, used 
Havemaxn’s photo-electric colorimeter to determine the absorption 
of light. In the present investigation Beckman’s spectrophotometer 
was employed, whereby it has been possible to measure the absorp- 
tion^ of monochromatic light. In this way greater specificity was 
attained than by the above-mentioned apparatuses, as the colour 
developed has a very characteristic absorption spectrum (Fig. 1). 

The mode of procedure in the present investigation is mainly the 
same as was adopted by Holst,’- but a few alterations must be men- 
tioned. Holst precipitated the protein in 0.2 ml of blood or plasma 
and made the colour test in a quantity of liquid corresponding to one 
half thereof , but in our analyses of blood or plasma to which glycerol 

(194G) mentions a disorepancv between his and Holst’s 
j 3 ® character of a systematic error and which could best be 

tiinn 1,-^ employment of a different standard by LuNDSQAAitD 

the fnfiloc ■, ■''as due to LxjXDsaAABD having supposed that 

cave the the density of the glycerol solutions, 

E Gy content per 100 ml, whereas they gave the content per 100 g. 
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Q30 



Fig. 1. Absorption spectra of benzantbron from. 

I. Blood after .administration of glycerol. Bil.: 1/20. 
IL Urine > > s > DiL; 1/50. 

IIL Pare glycerol solntion 1.05 mg%. 

Ordinate: Extinction, log 10/C for 1 cm. 

Abscissa: Wavelength in in«. 
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Dissolv- 
ing me- 
dium 

Size 

of 

sample 

Glycerol 
con- 
centra- 
tion in 
sample 

Blank 
value of 
blood 
serum 
and 
urine 

Besult 

of 

analysis 

Analysis 

minus 

blank 

Recovery 
in per 
cent of 
given 
concentra- 
tion 

Average 

recovery 

Water 


1.87 

1 

1.82 


98.3 

98.3 




1.36 


1.33 


97.8 




1.11 


1.09 


98.2 




1.36 


1.31 


96.3 




0.57 


0.59 


103.5 




2.99 


2.98 


99.7 




3.98 


4.04 


101.6 




3.16 


3.10 


98.4 




3.16 


3.12 


98.7 




2.10 


2.09 


99.3 




4.20 


4.16 


99.0 




2.10 


2.08 


99.0 




4.20 


4.08 


97.0 




4.20 


, 4.14 


98.5 

98.9 

Urine 


1.87 

0.07 

1.82 

1.75 

93.6 




4.98 

0.05 

5.02 

4.97 

99.8 




2.49 

0.06 

2.51 

2.45 

98.4 




1.36 

0.06 

1.35 

1.29 

95.5 




4.98 

0.05 

5.03 

4.98 

100.0 




2.49 

0.06 

2.55 

2.49 

lOO.O 




1.36 

0.06 

1.36 

1.30 

95.6 




1.36 

0.08 

1.40 

1.32 

97.1 




0.57 

0.09 

0.69 

0.60 

105.3 

98.4 

Blood 

0.2 

2.99 

0.11 

2.77 

2.66 

89.1 



0.2 

2.99 

0.11 

2.99 

2.88 

96.5 



0.2 

3.98 

0.28 

3.93 

3.65 

91.7 


Serum 

0.2 

2.10 

0.19 

2.00 

1.81 

86.2 



0.2 

4.20 

0.12 

4.04 

3.92 

93.4 



0.2 

2.10 

0.12 

2.63 

1.91 


91.3 

Serum 

0.1 

4.20 

0.06 

4.26 

4.20 

lOO.O 



0.1 

2.10 

0.06 

2.06 

2.00 

95.3 



0.1 

2.10 

0.06 

2.11 

2.05 

97.6 



1 0.1 

1.05 

0.06 

1.07 

1.01 

96.3 

97.3 


had been added in known concentration it was found that the highest 
percentage of the added glycerol was recovered when only O.i ml was 
employed in the precipitation procedure (Table 1). The table records 
the results of a series of recovery experiments. 

^ The quantity of anthron added to the sample containing glycerol 
IS small (4 ml of a 10 mg % ^v/v solution), vrhich is especially neces- 
sary m case of ordinary colorimetric procedure, as the anthron has 
1 «clt an intense colour. Although the quantity of anthron added can 
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at most react only •witli the glycerol contained in 2 ml of a 9 o mg o/ 
solution, as pointed out by Holst, be made bis analyses in samples 
of up to 15 mg% solutions. Tbe accuracy of tbe readings at this bmh 
concentration of glycerol will thereby be necessarily somewhat 
reduced. 

In tbe present work tbe maximum concentration of glycerol in the 
corresponding solution taken was fixed at 5 mg % w/v. Within this 
range tbe relation between tbe extinction and tbe glycerol concentra- 
tion in tbe sample is approximately linear for tbe wave-length em- 
ployed:^ 500 m/^. In order to gain greater exactitude, however, the 
determination of tbe concentration was effected by means of a stan- 
dard curve. It has occasionally been necessary to correct this standard 
curve, especially when one or more of tbe reagents were changed. 

Tbe temperature and time of beating were tbe same as adopted by 
Holst. In comparative investigations it was found that small varia- 
tions in tempearture and time of beating (i 10° or 3 min.) led to 
very slight variations in the colour obtained and had no influence 
when tbe extinction was, as is usual, read off against the blank 
(water -f- reagents that bad undergone exactly tbe same treatment 
as tbe sample). Tbe colour obtained was very durable at room tem- 
perature. After standing for 18 hours no change in the extinction 
could be noted. 

Apart from tbe small alterations mentioned above, the mode of pro- 
cedure in tbe analysis of blood and plasma was tbe same as described 
by Holst. As regards tbe urine, the concentration of glycerol was 
first reduced by dilution to below 10 mg % w/v. Thereupon 2 ml of 
the diluted urine were pipetted into a centrifuge tube, already con- 
taining 0.7 ml of water. The subsequent procedure was exactly the 
same as for blood or plasma. 


Experimental Investi8:atioiis. 

The experiments included a determination of the glycerol excre- 
tion in urine with varying concentration of glycerol in the blood and 
varying excretion of water. Altogether 17 experiments were carried 
out on 3 different persons, all of whom were adult men. Subject A, 
weight 71 kg: 9 experiments. Subject B, weight 75 kg: 6 experiments, 
and Subject C, weight 61 kg: 2 experiments.^ The experiments were 
always made in the morning at the same time. The pensons n ere 
usually fasting and in some cases thej’’ had not drunk anything since 
the previous day. After a sample of blood (capillary blood vith 
addition of heparin) and a sample of urine have been taken, a dose of 
glycerol dissolved in more or less water is given in order to raise the 
glycerol content in the blood to the desired height. After the lapse 
of an hour (pre-period) the bladder is emptied, a new sample of 
blood is taken and a small dose of glycerol is given at intervals of 
10 min. in tbe following two periods of 1 hour for the purpose of 
maintaining an approximately constant concentration of glycerol 
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Table 2. 








Fig. 2. E. in relation to diuresis. 

Ordinate: E percentage. 

Abscissa: Diuresis in ml per min. 

O : Blood glycerol 0 — 19.8 mg 
A: > » 31.0 — 55.6 mg^. 

□ : > > 60.6— 103.1 mg «. 


The results of the experiments are given in Table 2, where the 
periods are arranged according to the average concentration of 
glycerol in the period. The percentage of excretion is reckoned on 
the basis of an assumed filtration of 125 ml per minute. In these 
orientatory tests determination of filtration was omitted. As the 
tests were carried on the same subjects under uniform conditions 
and in the course of a short period, it is justifiable to suppose 
that any variations occurring in the filtration have been insignifi- 
cant. 

It appears from the results of the experiments that the excretion 
percentage E rises with inceasing glycerol concentration in the 
blood, up to a content of about 20—30 mg%, and reaches a value of 
54.2 per cent at a blood glycerol level of 31 mg %. If the glycerol 
concentration in the blood increases from about 30 mg% to near 
100 mg%, no tendency to continued rise in the excretion per- 
centage can be noted, seeing that this percentage in the different 
periods varies between 35 and 56 per cent in the three subjects 
of experiment. 



EENAL. EXCRETION. OF GLYCEROL. 

No certain interdependence between tbe diiiiesis and tbe per- 
centage of excretion can frona these experiments be seen to exist 
(Fig. 2).. Especially it may be noted that profuse diuresis of .7—8 
ml per minute leads to no increase of B. Whether very small diuresis 
leads to reduction of E cannot be seen from these experiments, 
as diureses below 0.5 ml per minute were noted only in expe- 
riments where the glycerol concentration was very low. 


Discussion and Supplementary Investigations. 

So long as we regard experiments with glycerol concentrations 
of more than 30mg% in the blood as being in accordance with 
Holst’s observations in case of narcotized rabbits, the conclusion 
to be drawn from the above-recorded experiments is that E is 
constant in the same individual and is independent of the glycerol 
concentration in the blood and of the excretion of water. With 
low concentrations of glycerol, less than 20 mg%, it has, on the 
contrary, been found that E decreases with falling glycerol con- 
centration in the blood. Holst has in his experiments very few 
experimental periods in which the glycerol concentration was low, 
for example, only two with concentration under 10'mg%, and in 
these cases the animals were phloridzin-poisoned. In these two 
experiments he finds low values for E, but believes he can explain 
them by assuming the constant presence of a blank value in the 
blood analysis whereby the glyeerol cncentration has been reckoned 
too high and the E value therefore too low. At the low glycerol 
concentrations such an error will have most effect on the per- 
centage, and on the basis of this reasoning Holst maintains his 
above-mentioned opinion. 

As Holst pointed out, glycerol differs considerably from 
glucose in its mode of excretion in the kidneys. Two circumstances 
may be supposed to contribute to render the manner of excretion 
of glycerol in the kidneys different from that of glucose. Firstly: 
the great diffusibility of glycerol. Secondly: the small which 
the glycerol may naturally be supposed to have. It is reasonable 
to suppose that the of an actively absorbed substance is to 
some degree adjusted according to the quantity of the substance 
filtered under normal circumstances. 

The peculiarity that for plasma values above 20 — 30 mg % 
t e excretion percentage (E) of the glycerol is constant and in- 



330 


SVEIN L. SVEINSSON. 


dependent of the diuresis may possibly be explained in a manner 
wbicb bas been suggested by Lundsgaaed (personal communica- 
tion). Tbe easily diffusible glycerol is supposed to diffuse back 
into tbe proximal part of tbe tubuli together ■with the quantity 
of water there reabsorbed. In tbe distal part of tbe tubuli, where 
the facultative reabsorption of water takes place and tbe diuresis 
is regulated, it must be supposed that no diffusion of glycerol 
takes place, and consequently tbe glycerol concentration in the 
urine will increase. Tbe E of tbe glycerol will, however, remain 
constant, since this factor is dependent only on the extent in 
which tbe filtered water with its glycerol content is reabsorbed 
in tbe proximal part of tbe tubuli. 

In order to explain why E in case of glycerol concentrations of 
less than 20 — 30 mg% decreases with decreasing blood glycerol 
content it is necessary to assume that an active reabsorption of 
glycerol takes place together with tbe passive diffusion. The 
actively reabsorbed quantity (T,^) is small and, as long as the 
glycerol concentration in tbe blood is high, it will be insignificant 
as compared with tbe quantity of glycerol which passively diffuses 
back. Therefore at high blood glycerol values tbe excretion per- 
centage of tbe glycerol will be only slightly affected by the active 
reabsorption. It is a different matter when tbe concentration of 
glycerol in the blood is small. With falling concentration of glycerol 
in tbe blood the actively reabsorbed glycerol will constitute an 
increasing proportion of the filtered quantity. In other words: 
E will decrease. 

It is obvious that when tbe glycerol concentration in blood and 
urine is small a methodical error or the presence of a blank value 
will have more effect than when tbe content of glycerol is larger. 
It is therefore necessary to examine whether there are present in 
tbe blood and urine other substances than glycerol which under 
tbe given conditions may produce a colour that can be mistaken 
for tbe colour produced by glycerol. On investigation of blood 
and urine samples there will always be found a certain colour 
corresponding to a particular concentration of glycerol. In 10 such 
samples of blood were found “glycerol” values of from l.G to^3.G 
ing% and in corresponding urine samples values of from 5 to 
37 mg%. Tbe larger range of variation for tbe urine must be 
regarded in connection with the great variation in tbe concentra- 
tion of tbe urine in tbe different experiments. On examination 
of tbe absorption spectrum of the colours produced with anthron 
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Fig. 3. 


A. Absorption spectra of the colour produced with anthron iu a pure 

aud in samples of urine and blood taken before 
Q-dnuni strati on of glycerol. 

of colour produced in the same 3 fluida after 
splitting of glycerol with periodic acid. 

Ordinate; Extinction, log lo/I for 1 cm. 

Abscissa; Wavelength in m/i. 
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before administration of glycerol it is found that both for blood 
and urine the absorption spectrum differs in some degree from 
that obtained from a pure glycerol solution and like^se from 
blood and urine undoubtedly containing glycerol (Figs. 1 and 3) 
As regards the urine, it can be concluded from the app^rance of 
the absorption spectrum that other coloured compounds than 
benzanthron contribute, at least in part, to the light absorption 
observed. With respect to the blood the matter is less clear. 
The characteristic features in the absorption spectrum of the 
colour produced in blood-filtrate are somewhat blurred, but the 
concentration of the coloured substance is here so small that 
this circumstance loses much of its weight; 

That there is an essential difference between the absorption 
spectrum of the coloured substance produced in filtrates from 
urine and from blood before administration of glycerol has, 
however, been proved by the power of periodic acid to decompose 
glycerol. Fleuby and Lange (1933), Fatomb (1935) and Mala- 
PEADE (1937) have shown in a series of works that periodic acid 
can split organic substances in which two alcoholic groups are 
present side by side. Through the splitting up of glycerol are 
produced formic acid and formaldehyde, the periodic acid being 
reduced to iodic acid. In the present investigation the fluid ob- 
tained after urine or blood had undergone the precipitation process 
was treated with a small quantity of periodic acid, 0.02 ml of an 
M/10 periodic acid solution, added to the total centrifugate ob- 
tained after the second centrifugation. After standing for 15 
minutes at room temperature 2 ml of this centrifugate are pi- 
petted off for the execution of the previously described colour 
test. The blank is treated in the same manner. It has been found 
that the substance in the blood filtrate that produces the colour 
in presence of anthron practically entirely disappears on treatment 
with periodic acid, whereas from the urine only a small part of 
the substance is lost through such treatment. Therefore the main 
part of the substances causing the colour development in a urine 
sample before administration of glycerol does not consist of gly" 
cerol. As regards blood, the combination of the two properties of 
being able to produce this colour in presence of anthron and of 
being decomposable by periodic acid strongly indicates that the 
substance present is glycerol. It is assumed that, besides protein, 
lipoids and glucose, also glycerophosphates have been removed 
by the precipitation procedure employed (Paulsen 1941). 
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Thanks to this propertj' of periodic ncid, it is possil)Io to dis- 
tinguish between administered glycerol, “endogenous glycerol ’ 
and a group of substances differing from glycerol, but which under 
the given conditions develop a certain colour within the range 
•of light absorption of benzanthron. In some of the ex])eriments, 
where the glycerol content was very small, 10 was calculated after 
exclusion of the colour-producing substances other than glycerol 
(Table 3). From the table it is seen that the E vahic calctilatcd 
after deduction of colour producing substances which are not 
glycerol is still lower than that found on calculation in the usual 
manner. 

Table 3, 
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i 

Experiment ; 

No i 

1 

1 

f 
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i 

Pcricxl 1 

1 

K cnlculfiled j E | 
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2.1 

15 

i 11 
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15 

1 III 

4.1 

IS 

15 

1 im 

1 4.4 

2.0 

16 

1 I 

i 3.G 

2.T 

16 

1 ir 

1 2.1 

0..S 


As already mentioned, the concentration of "glycerol” in blood 
.and urine before administration of glycerol was detertnined in a 
series of experiments. In some of these cases periodic acid was 
also employed, whereupon it was found that the concentration 
•of “endogenous” glycerol in the urine (colour*})rodncing sub- 
stances, decomposable by periodic acid) was verv small, not 
differing much from the concentration of corresponding sub- 
.stanccs in the blood (Table 4). In one experiment the excret ion of 
“endogenous” glycerol during copious diuresis was cxajnined. 


Tat>lc 4. 


HIH 

Concentration 
of glycerol in 
blood mg% 
w/v 

Conerntmtion ! 
of glycerol in 1 
urine nig% I 

w/v 

Erporiment No 15 . . 


; i 

6.1 i 

0 

» * IG 

0.0 

0 A 

» » 17 

0.0 

» » 18 

4.4 

2.5 

0.1 
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45 minutes after Subject A had drunk 1 litre of water the bladder 
was emptied and a blood sample was taken from a vein in the 
arm. After the lapse of 30 minutes the bladder was again emptied 
and a new sample of blood was taken. The average diuresis had 
been 7.2 ml per minute. The concentration in the blood of sub- 
stances which displayed colour on treatment with anthron was 
expressed as glycerol, 4.0 and 4.8 mg% respectively in the two 
samples. (The subject was not fasting.) The concentration of such 
substances^ in the urine was 1.03 mg%. After treatment with 
periodic acid the blood filtrate was practically free from substances 
which showed colour when treated with anthron, whereas the 
urine still contained such substances in a concentration of 0.93 
mg %. Herefrom it follows that when the content of glycerol or of 
substances closely related to glycerol was 4.4 mg% in the blood, 
the content of such substances in the urine was only 0.1 mg%, 
which gives a concentration index of 0.02. E could be calculated 
to be 0.1 per cent. 

These investigations show that the substance designated “endo- 
genous” glycerol is a threshold substance. Whether supplied gly- 
cerol also appears as a threshold substance could not be ascer- 
tained in the same manner, since the concentration index in all 
the experimental periods lay above 1. However, we find support 
for the assumption that exogenous glycerol is a threshold substance 
on comparing the quantity of glycerol excreted per minute in the 
urine with the concentration of glycerol in the blood (Eig. 4). 
The diagram shows that the excretion of glycerol (actually the total 
quantity of colour-giving substances), which is very small at the 
lowest concentrations in the blood, does not show any rapid in- 
crease until the concentration of glycerol in the blood has reached 
to more than 8 — 10 mg %. It seems natural to suppose that the 
threshold for the glycerol lies within this range of concentration. 

As already mentioned, determination of glomerulus filtration 
was not carried out in these orientatory experiments, but the 
calculation. of E was made on the basis of an assumed formation 
of 125 ml of glomerulus filtrate per minute. In most of the experi- 
ments, however, the concentration of glycerol was determined in 
whole blood instead of in plasma. In view of the great diffusibility 
of glycerol and its easy solubility in water there is reason to be- 
lieve that the concentration of glycerol in blood corpuscles and 
plasma is determined by the content of water in these constituents 
of the blood. The glycerol concentration in plasma should there- 
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Fig. 4. Excretion of glycerol in nrine in rclfttion to corxentration of plyr-.-n-I 

in blood. 

Ordinate: Jfg glycerol excreted in nrine jxr win. 

Abseijsa; Concentration of glycerol in Mood. 

fore be higher than in whole blood, which npinmiption hn's nbo boc-n 
confirmed by simultaneoufi nnalypcs of whole blood nnd pla^inn 
(Table 5). It has been found that the average concentration in 
plasma lies 14 per cent above tlic value noted for whole blond. 
Consequently, the calculated excretion percentages .'^houlfl be 
correspondingly lower than tho.so shown in the different table.s. 
The interdependence found to exist between the glycerol content 
in the blood and the excretion percentage will, however, not be 
affected by such correction. 

If the glycerol, ns my rcsulbs seem to show, is a thre.shold sub- 
stance with very low T^,, the excretion of which, however, at only 
airly high plasma-glycerol concentrations is completely governed 
by a passive letrodiffusion, then the findings recorded by Holst 
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Table 5. 


Sample No 

- 

1 

2 

3 

4 

5 

6 

7 

8 

1 

9 : 

Glycerol concentra- 
tion in blood 

w/y 

Glycerol concentra- 

82.0 

59.2 

64.8 

7.4 

38.0 

52.4 

49.C 

52.4 

41.C 

tion in correspond- 
ing plasma mg% 
v/jv 

90.8 

70.8 

62.8 , 

8.4 

1 

i 

42.4 

j 

68.4 

! 

54.8 

1 

i 

G1.2 

1 

48.0 i 

Glycerol concentra- 
tion, blood/Glycerol 
concentration, 
plasma 

0.9O 

0.84 

1 

0.87 

0.88 

0.90 

0.90 

0.8G 

0.91 

\ 

1 

lo.SG 


do not represent any weakening of the arguments in favour of the 
"phosphorylation theory”. 

That poisoning with phloridzin does not affect the glycerol ex- 
cretion in the same manner as it affects the glucose excretion is due 
to the fact that the glycerol excretion at only fairly high concentra- 
tions of plasma-glycrol is governed by the passive retrodiffusion, 
so that a possible inhibition of the weak active reabsorption will 
not become distinctly evident. 

The active reabsorption of glycerol may very well be imagined 
to involve a phosphorylation, and the power of the renal tissue to 
phosphorylate glycerol can therefore be regarded as having con- 
nection with the active reabsorption. It may be said, however, 
that the intensity with which glycerol is phosphorylated by the 
tissue of the renal cortex harmonizes badly with the low found 
for glycerol. But conclusions respecting the rapidity of enzymatic 
processes in the intact tissue based upon the rapidity observed 
in extracts, must always be drawn with all possible reservation. 


Summary. 

Orientatory investigations were made respecting the renal 
excretion of glycerol in man. 

A method for the splitting of glycerol in biological samples by 
-means of periodic acid is described. The method permits of distin- 
guishing between glycerol and attendant substances which give 
colour reactions similar to those produced by glycerol. 

At plasma-glycerol concentrations .above 30 mg% the cxcre- 
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tion percentage has, in accordance -with. Holst, been foimd to 1)6 
independent of the concentration in plasma and of diuresis. 

At lower plasma-glycerol concentrations the excretion per- 
centage decreases with decreasing concentration in plasma. 

These findings respecting the excretion are explained by as- 
suming that glycerol is a threshold substance with low Tn, ^ (con- 
centration threshold about 10 mg%), the excretion of which at 
higher concentrations of glycerol in plasma is, however,^ com- 
pletely governed by a passive retrodiffusion of glycerol in the 
proximal tubuli. 

Through this conception of the glycerol excretion Holst’s 
findings can be brought into harmony with the theory of phos- 
phorylation as part of the process of active tubulat reabsorption. 

The author wishes to express his gratitude to professor E. 
Ltjndsgaaiid for excellent working conditions and valuable sup- 
port during this, investigation. 

The investigation was made possible through a grant from the 
Eockefeller Foundation, which is gratefully acknowledged. 
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Benzoic acid, administered to man and animals (rat, rabbit, 
dog, swine, sheep), is excreted in the urine bound either to glyco- 
coll as hippuric acid (Wohler 1824) or to glycuronic acid as 1- 
benzoyl-glycuronic acid (SIagnus-Levy 1907, Neuberg 1924, 
Quick 1926 — 31, Pryde and Williams 1936, Goebel 1937). Free 
benzoic acid is apparently not excreted in the urine. Neuberg 
(1924) showed that this did not happen in man even if large doses 
of benzoic acid were administered (10 to 15 gm. in single doses). 
In rabbits Griffith (1926) found that the excretion of free ben- 
zoic acid after administration of benzoate in amounts up to 1 gm./ 
kg. was none, or anyhow inconsiderable. In experiments on rats, 
to which benzoate was given mixed up with the food, Griffith 
(1928) found that practically all the benzoic acid was excreted as 
bound even if the amount of benzoic acid administered was so 
large as to prevent the growth of the animals. Earlier experiments, 
where varying amounts of free benzoic acid have been demon- 
strated in the urine, must be interpreted in another way; the pres- 
ence of benzoyl-glycuronic acid may have been overlooked, or the 
experiments must have been performed with such a method that 
benzoylglycuronic acid must have been broken down to form free 
benzoic acid. 

The occurrence of benzoyl-glycuronic acid is thus proved from 
a qualitative point of view, but the quantitative details and the 



determination of benzoyl-glycueonig acid in ueinb 339 

mechanism o£ detoxification are far from settled. This is due 
primarily to our want of a specific and sufficiently exact method 
of determining henzoyl-glycuxonic acid. 

The methods hitherto used for determinations of henzoyl- 
glycuronic acid follow one of the lines summarized below. 

1. Determination of the glycuronic acid bound in the complex 
compound. 

a. By means of a colorimetric reaction, based on the one de- 
scribed by Tollens (1908) between glycuronic acid and naphtho- 
resorcine when heated with hydrochloric acid. This reaction is 
not specific for glycuronic acid. Mozolowski (194:0) showed that 
urine often contains substances which disturb this reaction. Urine 
further contains glycuronic acid bound to other compounds than 
benzoic acid. Wagreich, Abrams and Harrow (1940) thus 
detected a considerable excretion of glycuronic acid in the 24- 
hour urine in experimental subjects to whom no benzoic acid 
had been administered and who consequently excreted only tra- 
ces of benzoyl-glycuronic acid. Their mean value from 38 deter- 
minations, 508 mg. of glycuronic, ranging from 300 to 859 mg., 
is best interpreted as an illustration of the inadequate specificity. 
All methods based on determinations of the glycuronic acid- 
component are thus non-specific. 

b. Through determination of the reducing power of the urine: 
with Benedict’s reagent (Csonka 1924), with Shaffer-Hartmann’s 
reagent (Quick 1926). As non-diabetic urine, too, contains other 
reducing substances than glycuronic acid, methods based on a 
determination of the reducing power of the urine must be con- 
sidered still less specific. 

2. Determination of the benzoic acid in the compound as the 
difference between total benzoic acid and the benzoic acid bound 
in hippuric acid (Neuberg 1924); total benzoic acid according to 
Kingsburry and Swanson (1921), hippuric acid according to 
Snapper and Laqueur (1924), and Quick (1926); total benzoic 
acid according to Kingsburry and Swanson, hippuric acid ac- 
cording to Quick (1926). It is true that this method of determining 
benzoyl-glycuronic acid is specific ■ — under the assumption that 
no free benzoic acid is excreted — • but it can be applied to certain 
species only. In most cases — i. a. in man — the amount of ben- 
zoyl-glycuronic acid is small in relation to the amount of hip- 
puric acid (7 to 11 per cent in man; Neuberg 1924), so that the 
amount of benzoyl-glycuronic acid is obtained as the difference 
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between two almost equal figures; the exactness is'therefore un- 
satisfactory. 

In the method described below the benzoyl-glycuronic acid is 
not determined as a difference but instead through direct deter- 
mina,tion of the benzoic acid bound to benzoyl-glycuronic acid. 
At first a brief summary of the method is given, and then the 
necessary details and experiments. 

Principle: The benzoyl-glycuronic acid is hydrolyzed in alkaline 
solution under such conditions that only an inconsiderable amount 
of hippuric acid is broken down. After saturation with ammonium 
sulphate and acidification the benzoic acid released is extracted 
with toluene in a separatory funnel and determined by titration 
with 0.1-n sodium alcoholate. 

Reagents: 

10-n sodium hydrate solution. 

Concentrated nitric acid. 

Ammonium sulphate, dry. 

Toluene (the toluene employed edn be recovered by being washed 
with distilled water and distilled and tested as to degree of purity 
by titration with 0. i-n sodium alcoholate with phenolphthalein as an 
indicator. One to two drops of alcoholate at most should be used for 
200 ml. of toluene). 

Thymol blue solution. 

Thymol blue paper (3 gm. of thymol blue, 64.5 ml. of O.i-n NaOH, 
distilled water to make 1,000 ml.). 

0. 1-n Na alcoholate made by dissolving about 5 gm. pure metallic 
sodium in 1 kg. of absolute alcohol; should be kept in a dark bottle 
fitted with a sodalime tube and a sulphuric acid tube. 

It should be titrated against about 100 mg. of benzoic acid pro 
analysi dissolved in 200 ml. of toluene. Can be kept for at least 3 
months. 

Phenolphthalein, 1 per cent in absolute alcohol. 

Saturated NaCl solution containing 0.5 ml. of concentrated hydro- 
chloric acid per 1,000 ml. of distilled water. 

1. Hydrolysis. For the determination 100 ml. of urine are poured 
into an Erlenmayer flask of 300 ml. Ten drops of thymol blue so- 
lution are added, after which 10-M natron solution are added in 
drops under continuous shaking until the colour changes from 
yellow to green. Then a further 2 ml. of the sodium hydrate so- 
lution are added. The mixture is boiled for 2 minutes. 

II. Extraction. 

a. After the sample has cooled to room temperature it is aci- 
dified with 3 ml. of concentrated nitric acid (acid against thymol 
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blue paper). Then 50 gm. of ammonium sulphate are added and 

dissolved by shaking. _ . • ^ _ 

’Pq xemove carbonic acid which disturbs the determination 
the sample is transferred to a wash bottle holding about 150 ml. 
and with a diameter of 4 to 6 cm., after which a rapid stream of 
nitrogen is led through from the bottom for half an hour. 

c. When the carbonic acid has been removed, the sample is 
transferred to a 500 ml. short stemmed separatory funnel. After 
that 75 ml. of toluene are added the sample is shaken with 
strong rotating movements 5 times, every time for 20 seconds. 
Between each shaking the funnel is left until the toluene has 
separated. If the shaking is too violent and continuous, a more 
durable emulsion may be' formed. After this first extraction the 
sample is poured into the original Erlenmeyer flask and the to- 
luene is transferred into a second similar separatory funnel. The 
first funnel is then rinsed with 10 ml. of toluene, which is after- 
wards transferred to the second funnel. The extraction is con- 
tinued by pouring the sample into the first separatory funnel, 75 
ml. of toluene are added, and extraction is performed as described 
above. The sample is finally extracted for the third time with 60 
ml. of toluene. 

d. When the extraction is finished, all the toluene used ' in 
the procedure will thus be found in the second separatory funnel. 
The urine possibly present ,is separated from the toluene by re- 
peated rotations of the funnelj and is then drawn off. The toluene 
is washed t'wice in the fuirnel, each time with 100 ml. of the so- 
dium chloride solution; the remaining rinsing fluid is separated 
off by means of rotatory shaking, and drawn off. The tip of the 
funnel is washed with distilled water and dried with filtre paper, 
after which the toluene is transferred to a 500 ml. Erlenmeyer 
flask. The funnel is rinsed with 10 ml. of toluene which is then 
added to the rest of the toluene. 

III. Titration. The benzoic acid is now determined by titration 
with O.^n sodium alcoholate in the toluene. Phenolphthalein dis- 
solved in absolute alcohol (10 drops) is used as an indicator. The 
titration is continued until a distinctly red colour, remaining for 
at least one minute, is obtained. 
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Discussion of Methods. 

I. Hydrolysis. Quick (1926) examined the optical activity of 
benzoyl-glycuronic acid at different pH and was thus able to 
determine its stability. At a pH lower than 10 to 11 there is no 
appreciable hydrolysis while, at higher pH, the acid undergoes a 
rapid break down. In diluted acids benzoyl-glycuronic acid is 
rather stable at room temperature; when boiled it undergoes 
hydrolysis in the same way as other coupled glycuronic acids. 

Thus, if a rapid and complete hydrolysis of benzoyl-glycuronic 
acid is desired, this can be performed in alkaline solution. As 
benzoic acid is volatile with aqueous vapour, there is a risk of 
losses when boiling it m acid solution. This does not hold for 
boiling in alkaline solution, where benzoic acid is present as a 
benzoate. For our purposes the hydrolysis must be performed in 
such a way that the hydrolyzed amount of hippuric acid is as 
small as possible. As different urine samples have a varying buffer 
capacity, the addition of NaOH-solution should always be counted 
from a fixed point. The reversal of thymol blue from yellow to 
blue at pH 9 — 10 can be used as such a point; at this pH the buf- 
fering capacity of the urine can be left without consideration. 


Experiment No. 1. (Hydrolysis of benzoyl-glycuronic acid after 
addition of varying amounts of 10-n. sodium hydrate solution. 
Boiling time 2 minutes.) 

Por the determination 3,357 mg. of benzoyl-glycuronic acid — 
corresponding to 1,449 mg. of benzoic acid — and 10,000 mg. of 
hippuric acid were dissolved in 1,000 ml. urine. Samples of 100 ml. 
were used for the further determination, 

Benzoyl-glycuronic acid in pure form was prepared from dog’s 
urine according to Pbyde and Williams (1936) (melting-point 170° C). 


1 . 

2 . 

3. 

4. 

5. 

6 . 

7. 

8 . 


Urine without addition of NaOH-solution 
(pH 6 — 7, determined with Lyphan paper) 
Urine alkalified to reversal with thymol 

blue (about 0.5 ml. of 10-n solution) 

Urine alkalified to reversal with thymol 

blue -f- 0.5 ml. of 10-n solution 

Urine alkalified to reversal with thymol 

blue -f 1 ml. of 10-n solution 

Urine alkalified to reversal with thymol 

blue + 2 ml. of 10-n solution 

Urine alkalified to reversal with thymol 

blue -b 3 ml. of 10-n solution 

Urine alkalified to reversal with thymol 

blue -f 4 ml. of 10-n solution T 

Urine alkalified to reversal with thymol 
blue +8 ml. of solution 


Benzoid acid 
found 222 mg/1,000 ml 

950 

1,424 

1,505 

1,586 

1,596 

1,586 

1,919 
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Experiment No. 2. {Hydrolysis of benzoyl-glycuronic acid after ad- 
dition of 10-n sodium hydrate solution to reversal with thymol blue; 
after that addition of a further 2 ml. Varying boiling times.) 

In 1,000 ml. of urine 1,572 mg. of benzoyl-glycuronic acid (impure 
preparation), corresponding to 843 mg. of benzoic acid, were dis- 
solved. Samples of 100 ml. were used for the subsequent determina- 
tion. 


1. Sample left at room temperature for one Benzoic acid 

jiour '• found 666 mg/1,000 ml 

2. Just brought to boiling 707 

3. Just brought to boiling 681 

4. Bolined for half a minute 686 

5. Boiled for one minute '. . 686 

6. Boiled for one minute 686 

7. Boiled for two minutes 695 

8. Boiled for 5 minutes 712 


Experiment No. S. (Hydrolysis of hippuric acid after addition of 
varying amounts of 10-n sodium hydrate solution. Boliling time 2 
minutes.) 

In 1,000 ml. of urine 10 gm. of hippuric acid were dissolved. Samp- 
les of 100 ml. were used for the determination. 


1. Urine without addition of NaOH solution Benzoic acid 
(pH 6 — 7, determined with Lyphan paper) found 2 mg/lOC 

2. Urine alkalified to reversal with thymol 

blue (about 0.5 ml. of 10-n solution) .... 6.6 

3. Urine alkalified to reversal with thymol 

blue -k 1 ml. of 10-n solution 10. i 

4. Urine alkalified to reversal with thymol 

blue -f- 2 ml. of 10-n solution 13. i 

5. Urine alkalified to reversal with thymol 

blue -f 3 ml. of 10-n solution 16.7 

6. Urine alkalified to reversal with thymol 

blue -[-4 ml. of 10-n solution 24.2 

7. Urine alkalified to reversal with thymol 

blue -f 6 ml. of 10-n solution 26.3 

8. Urine alkalified to reversal with thymol 

blue -{-8 ml. of 10-n solution 50.5 


Experiment No. 4. {Hydrolysis of hippuric acid after addition of 
IV-n sodium hydrate solution to reversal with thymol blue; after 
that addition of a further 2 ml. Varying boliling times.) 

1 10 gDi. of hippuric acid were dissolved. Samp- 

les of 100 ml. were used for the determination. 

24 -iso//////. Ada phy.'i. Scnndinav. VoJ.]5. 
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Benzoic acid 

1. Sample at room temperature one hour. . , found 3 o ms Dm ml 

2. Brought to boiling g.i ' 

3. Boiled for half a minute 8,i 

4. Boiled for one minute 8.7 

5. Boiled for two minutes 10.^ 

6. Boiled for 4 minutes 14.9 

7. Boiled for 6 minutes 16. s 

8. Boiled for 8 minutes 19.4 


Experiments 1 — 4 and Figures 1 and 2 show that a complete 
hydrolysis of benzoyl-glycuronic acid — with a good safety margin 
— may be obtained by following the method as outlined above and 
that the simultaneous hydrolysis of hippuric acid is inconsiderable. 
With respect to the hydrolysis of hippuric acid a correction can bo 
introduced; see below “Specificity of the Method”. 



Fig. 


1. Hvdrolysis of benzoyl-glycuronic acid + hippuric acid — — ; — and 

onuppuric acid (experiments I and 3). Y = mg. of benzoic. X - 

ml. 10-n NaOH brought to 100 ml. of urine. 


100 

50 



Fift. 2. Hydrolysis of benzoyl-glycuronic acid -f hippuric acid - 

o&ouric acid (experiments 2 and 4). Y = mg. of benzoic acid. 

X = boiling time in minutes. 0 — just brought to boiling. 
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II. Extraction. 

b. Carbonic acid passes over into the toluene and gives too 
high values at the titration with the alcoholate, and must there- 
fore be removed before the extraction. (Experiment No. 5.) The 
carbonic acid is removed by leading nitrogen through the solution 
(experiment No. 6). 

Experiment No. 5. {Ejjecl of carbonic acid on cxiraclion.) 

Solutions containing sodium carbonate, 1-n, O.i-n and O.oi-n 
were prepared. Samples of 100 ml. were taken from these solutions, 
acidified and saturated with ammonium sulphate, and then extracted. 

Carbonate content Consumed alcoholate rc-cnlcu- 

Intcd in mg of benzoic acid 

1-n. 135 

O.i-n. 38 

0.0 1-n. 1 


Experiment No. 6. {Rernoval oj carbonic acid with nitrogen.) 

For half an hour carbonic dioxide was led through the urine, 
to which 100 ml. of 10-n sodium hydroxid per 100 ml. had been 
added in order to obatin a urine with a high content of carbonate. 
From this urine samples of 100 ml. were taken. These samples were 
then acidified with 10 ml. of 10-n nitric acid -f 3 ml. of concentrated 
nitric acid, ammonium sulphate was added, and finally nitrogen was 
led through. 

Nitrogen led through for Consumed alcoholate re-calcu- 

lated into mg of benzoic acid 
30' 12.1 

12.1 

00' 13.3 

12,1 


Experiment No. 6 shows that even if the sample contains largo 
amounts of carbonate the carbonic acid is removed ivhcn nitrogen 
has been led through for half an hour. 

c. As the solubility of benzoic acid in acid urine (reversal of 
thymol blue to red) amounts to about 0.1 gm/100 ml., and its 
solubility on toluene to 10.69 gm./lOO ml. (at 25° C, Seidell 1910) 
ere is a avourable distribution coefficient between toluene and 
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Experiment No. 7. {Extraction oj benzoic acid with toluene.) 

Different amounts of benzoic acid (Merck pro analysi) were dis- 
solved in 1,000 ml. distilled water. From this dilution sample.s of 
100 ml. were collected and determined according to the method 
proposed above. 


Added amount of benzoic acid in mg per 

100 ml 

Recovered amount of benzoic acid in mg 
per 100 ml 


Mean values 

Standard deviation 


501.1 

104.7 

49.9 

504.9 

108.3 

53.7 

504.9 

107.3 

51.5 

504.9 

106.2 

51.5 

503.8 

106.2 

50.5 

500.7 

106.2 

50.5 

499.7 

102.0 

50.5 

499.7 

102. 0 

50.5 

498. G 

99.9 

49. i 

496.5 

98.9 

48.9 

501.5 

104.1 

50. s 

i 3.0 

±3.2 

±1.5 


Experiment No. 7 shows that total extraction of benzoic acid 
is achieved through extraction according to the prescriptions in 
this method. 


III. Titration. 

As no data concerning the exactness of alcoholate titration or 
the stability of the alcoholate can be found in the literature, 
the following experiments have been performed. 


Experiment No. 8. (Exactness of titration with 0. i-n sodium alco- 
holate.) 

Varying amounts of benzoic acid (Merck pro analysi) were dis- 
solved in about 200 ml. of toluene. The solution was titrated with 
phenolphthalein as indicator until a red colour, remaining for at 
least one minute, was obtained. 


mg of benzoic acid added 

153.8 

130.8 

130.4 
125.2 

118.5 

100.9 

93.5 
94.8 
91.7 

91.5 


mg of benzoic acid found 
155.1 
131.fi 
131.fi 

126.9 

119.8 

103.4 

94.0 

9G.I 

91.7 

91.7 


error 
-f- 1.3 
-f 0.8 
-f 1.2 
-i- l.c 

-M.3 
2.5 
-T- 0.5 
-r l.fi 

-i- 0 
-r 0.2 
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Experiment No. 8 shows that the exactness of the alcoholate 
titration is satisfactory. If the alcoholate is kept in a dark bottle 
and protected against the water and the carbonic acid of the 
air, its titer remains practically constant from the day after 
preparation for at least 3 months. 


Specificity of the Method. 

If a specific determination of benzoyl-glycuronic acid shall be 
achieved by the method described above, it is necessary that; 

1. No other compounds than benzoic acid pass over into the 
toluene and give titration values with the alcoholate. 

Raiziss and Dubin (1915) published a method of determining 
free benzoic acid in the urine, which was based on a similar ex- 
traction with toluene. In normal urines they obtained only titra- 
tion values lower than 0.1 ml. of 0.1-n alcoholate. 

If the carbonic acid has been removed as described above, the 
titration values found in normal urines before hydrolysis are very 
low — ■ less than 10 mg. as benzoic acid. These values can probably 
be ascribed to hippuric acid present in the urine or to benzoic 
acid formed at unintended hydrolysis of this hippuric acid. Hip- 
puric acid is, however, only slightly soluble in toluene and ex- 
traction of pure hippuric acid solutions, therefore yields titration 
values corresponding to only 2 — 3 mg. of benzoic acid even if 
large amounts of hippuric acid have been used. 

2. The benzoic acid derives exclusively from benzoyl-glyc- 
uronic acid. 

The presence of benzoic acid in urine can be explained in two 
ways; it is either excreted as free benzoic acid, or derived from 
hydrolysis of hippuric acid and benzoyl-glycuronic in the urine. 

According to previous investigations no free benzoic acid ap- 
pears to be excreted by man. As shown by i. a. Seo (1908) hip- 
puric acid may nevertheless under certain conditions be hydroly- 
zed and give rise to free benzoic acid. Seo found that hippuric 
acid is split by the action of staphylococci and streptococci, al- 
though not by B. coli, typhi, parathypi, or pyocyaneus. Alkaline 
reaction implies conditions favourable for the growth of bacteria, 
thus furthering a hydrolysis of hippuric acid in the urine. As 
proved by Seo (1908) and by J. Neuberg (1924) this hydrolysis 
can e prevented by adding a strong acid, chloroform, toluene, or 
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thymol to the urine. Provided that certain precautions arc taken 

there is thus little risk of the benzoic acid originating^ from' anv’ 
thing hut henzoyl-glycuronic acid. One of the substances enumer- 
ated above should be added if the urine is not analyzed im- 
mediately. 

When hydrolyzing benzoyl-glycuronic acid in an alkaline solu- 
tion, a certain hydrolysis of hippuric acid, more extensive the 
greater the amount of hippuric acid in the sample, takes place. 



Fig. 3. Correction values for hydrolysis of hippuric acid. Y = mg. of benzoic 
acid. X = grams of hippuric acid in 100 ml. of urine used for determination. 


If the amount of hippuric acid has been determined, e. g., by 
Quick’s method, the broken-up amount can be calculated. It 
should then be subtracted from the value determined for benzoyl- 
glycuronic acid. A correction can be calculated as in Figure 3. 
This includes values obtained by the passing-over of hippuric acid 
in the toluene as well as by hydrolysis to free benzoic acid. 

If a correction is introduced for hippuric acid and for the ben- 
zoyl acid formed by hydrolysis of hippuric acid, our method can 
be considered practically specific with respect to the determina- 
tion of benzoyl-glycuronic acid, at least in normal urines. 


Exactness of the Method. 

Experiment No. 9. For 1,000 ml. of urine an unknown amount of 
benzoyl-glycuronic acid (impure preparation) and 15 gm. of hippuric 
acid were dissolved. Determinations of benzoyl-glycuronic acid were 
made on samples of 100 ml. of this solution. The following values 
were obtained: 179.9, 176.1, 176.1, 175. -i, 172.9, lil.c, 170.9, lj^O.9, 
170.9, and 166.4 mg. calculated as benzoic acid. Mean value: 1/3.3. 
Standard deviation: iS.o mg. 
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Experiment No. 10. Analysis of 100 ml. of a solution containing 
15 gm. of Wppuric acid per 1,000 ml. gave the following values; 
14.9, 14.2, 12.9, 12.9, 12.3, 9.7, 9.7, 9.7, and 9.7 mg. Mean value: 11. s 
mg. Standard deviation: ±2.i mg. 

The value obtained in experiment No. 8 thus includes benzoic 
acid from henzoyl-glycuronic acid, and small amount of benzoic acid 
formed through hydrolysis of hippuric acid. 

The result of the determination is thus; 173 . 3 — 11.8 = 161.5 mg. 


Summary. 

The paper contains a description of a method of determining 
henzoyl-glycuronic acid in urine. The method is based on direct 
determination of the benzoic acid to be found in the henzoyl- 
glycuronic acid after previous hydrolysis. After the introduction 
of a correction for hydrolysis of hippuric acid, the method can 
be considered practically specific as regards the determinations 
of henzoyl-glycuronic acid in urine. 
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Brain Volume, Diameter of the Blood-Vessels 
in the Pia Mater, and Intracranial Pressure 
in Acute Carhon Monoxide Poisoning. 

By 

TORGNY SJOSTRA-ND. 

Keceived 11 February 1948. 


Headache is the earliest and most common symptom of acute 
carbon monoxide poisoning. This begins with a sensation of 
pressure in the head, which, a half — ^two hours after exposure 
to carbon monoxide or during prolonged exposure, results in a 
more definite headache accentuated by movements of the body. 
The first introductive sensation of pressure has long been con- 
sidered associated with dilatation of the intracranial blood- 
vessels, apparently first observed in animals by Lewin (1920), 
but a fully satisfactory explanation has not been found for the 
occurrence of the subsequent headache. 

Fobbes, Cobb and Feemont-Smith (1924) have attempted to 
show that this headache is due to an oedema of the brain. They 
found, on cats exposed to carbon monoxide until severe poisoning 
occurred, that the brain increased in volume, this was most 
noticeable. shortly after cessation of gassing. They believed that 
the first introductive increase in volume depended on the dilata- 
tion of the blood-vessels of the brain but that the subsequent 
increase was associated with the occurrence of a brain oedema. 
They tried in other ways also to support this theory, among 
others, by observations on man with the help of an ophthalmo- 
scope, but themselves agree that these investigations were not 
convincing. 

25 — i80W. Actaphys.Scandinav. Vol. 15 . 
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Anatomical pathological studies of brains from indi^’iduals 
who have died from severe carbon monoxide poisoning have 
shown that in these cases oedema of the brain may be present. 
However, the effects thereby have been the result of extreme 
carbon monoxide poisoning lasting for several hours or days prior 
to death. Such an effect is not directly comparable to that of 
an acute poisoning to the degree where headache is the only or 
principal symptom. 

Since the cause of headache following carbon monoxide poison- 
ing cannot be considered satisfactorily determined, it has seemed 
worth while to perform experiments on animals in order to re- 
test the effect of this gas on the brain volume, on the diameter 
of the blood-vessels in the pia mater and on the state of intra- 
cranial pressure. 


Metliod. 

Experiments have been made on cats most of them under 
light dial anaesthesia but a few under short ether anaesthesia 
which was discontinued shortly after carbon monoxide was ad- 
ministered. During the carbon monoxide poisoning it was not 
necessary to give ether. A comparison of the observations from 
these two methods showed no marked differences, therefore light 
dial anaesthesia was usually used since the animal could be ob- 
served during a longer period of time following the administration 
of carbon monoxide. 

A glass window placed in the skull permitted observations of 
the state of the blood-vessels in the pia mater. Trepanation was 
accomplished with an electric drill, the bleeding being carefully 
stopped by pressing plasticine into the diploe tissue. The window, 
an ordinary watch glass, was fastened to the skull surface with 
wax, a rather convenient method. In order that the wax should 
fasten to the bony surface this was first scraped clean of perios- 
teum then washed with hydrogen peroxide and thoroughly' dried 
with alcohol and ether. The edge of the watch glass was uaxed 
and placed against a wax ring aroimd the trepanation opening. 
Before the wax rings were entirely closed the space between the 
glass and the brain surface was filled with Ringer’s solution. Ap- 
plied in this way the windows kept for several hours, and, if 
bleeding occurred under them, the blood could be cJisily wa.shcd 
away by injecting Ringers’ solution under the glass. 



;\CUTE CAKBOK MONOXIDE POISONING. 


353 



Fig. 1. Micropliotograph}' of blood- vessels in the pia mater of cat with window 
mounted in the skull cap. A, before, during the effect of carbon monoxide. 
1 venal branches, 2 arterial branches. The twisting artcr}’ is straightened and 
expanded also the large vein is soniewliat dilated under the effect of carbon 

monoxide. 

Measurements of the diameter of tlie blood-vessels in the pia 
mater were made with the help of an ultropak microscope fitted 
with an ocular micrometer. Clianges of tlie brain volume were 
obtained by measuring the distance between the surface of tbe 
window and a point on the brain surface. The points on cacli 
surface were successively observed in the microscope and the 
displacement of the tube measured on the micrometer scale of 
the microscope. In this way determinations could be made witli 
an accuracy of 1/20 of a millimeter. 

A water manometer was used to measure the intracranial pres- 
sure, it was connected to a cannula fastened to the window. Du- 
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ring the experiment continuous recordings were made of the blood 
pressure in the usual manner, and with administration of heparine 
through the cannula. 

The carbon monoxide was produced of formic acid and sul- 
phuric . acid. 

As a rule the experiments have been so arranged that after 
the window was mounted in the skull measurements were made 
and repeated after 30 mins, or more. Then the animal was allowed 
to breathe air with a carbon monoxide concentration of 0 . 2 — 0.3 %, 
whereupon repeated measurements were made. Carbon monoxide 
has usually been administered until there is a rapid drop in the 
blood pressure curve (Fig. 2), which at first showed a continuous 
fall and a short temporary rise. Continued administration of the 
gas for another 1 — 2 minutes causes cessation of breathing and 
the animal dies if the supply is not immediately stopped and 
artificial respiration begun. In some experiments CO-exposure 
has been carried to the point where breathing ceases but in most 
cases it has been interrupted at the beginning of the critical drop 
•in blood pressure. 

Kepeated measurements have been made while the carbon 
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monoxide was administered and 3—5 hours afterwards. When dial 
was used it has not generally been necessary to give further doses 
during the observation period. After the animals were rapidly 
bled to death, the brains have been carefully removed and studied. 


Results. 

In some preliminary experiments observations were made, 
through a trepanated opening, of the .state of the blood-vessels 
and the brain volume during and after exposures to carbon 
monoxide sufficient to produce very marked symptoms of acute 
poisoning. Dilatation of the blood-vessels was very obvious and 
the observation of a brain hernia by Forbes, Cobb and Fremont- 
Smith (1924:) was confirmed. However, it became obvious after 
the animals were killed and the brains removed that the change 
of the brain volume was very nearly entirely limited to that 
part which had been pressed out through the trepanated opening. 
Since this condition could be explained by the disturbance of the 
circulation due to the increase of brain volume in connection 
with the dilatation of the blood-vessels and the subsequent pres- 
sure of this part of the brain against the walls of the opening, it 
was considered necessary to study the effect of carbon monoxide 
on the diameter of the blood-vessels in the pia mater and on the 
brain volume through a closed opening in the skull. The following 
observations were therefore made after a window had been 
mounted into the skull wall. 


Effect of carbon monoxide on the blood-vessels of the pia mater. 

In Table 1 results are collected from the measurements of the 
diameters of the arteries in the pia mater, during and after ad- 
ministration of carbon monoxide. The figures for each animal 
represent the average for several arterial diameters. In the two 
columns prior to CO-administration are listed the diameters 
during two control measurements immediately after and about 
/2 hour after the mounting of the window; the two columns du- 
ring CO-admimstration give the values 5—10 mins, after initial 
exposure and at the maximal effect. As appears from Table 1 the 
average arterial diameter markedly increases under the effect of 
carbon monoxide and with 40—80 % (see also Fig. 1). The dia- 
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Table 1. 

^LtIcticiI ditt'iHctcT , 


Animal number 

Date 

( 

j 

1 No. of 
! obser- 

j vations 

} 

Diameter in 1/10 mm. ' 

Before CO 

During CO 

After CO ! 


2 

1 

2 

30—75 

min. 

2V.- i 

4'/, 1 
hrs. ! 

1 

6. 8. 

i 

1 3 


9.4 


15.0 


i 

8.6 1 

2 

29. 8. 


8.2 

7.5 

9.3 

12.5 

8.7 

8.0 1 

3., 

1. 9. 

‘ 4 

11.5 

10.8 


18.0 

12.5 

10.5 ! 

4.,.. 

8. 9. 

4 

9.2 

9.8 


13.9 

9.2 

8.5 ! 

5 

28. 10. 

3 

11. s 

12.0 

14.0 , 

19.0 

16.8 

11.4 

6 

7. 11. 

4 1 

0.9 

6.8 

7.9 

11.0 

7.8 

1 

( 

7 

14. 1. 

4 1 

9.0 

9.5 

11.0 j 

13.5 

9.2 j 

7.9 1 


Table 2. 

Yenal diameter during CO-po{so7iing. 


Animal number 

Date 

1 

No. of 
measure- 
ments 


Diameter 

in 1/10 

mill. 




After CO 

1 ' 

2 

■ 

9 

30—75 

rain. 

2V.-I 
4>/, i 

hrs. 

1 

! 6. 8. 

1 

G 

18.5 

1 

18.5 

20.2 

20.5 


15.8 

2 

29. 8. 

5 

9.7 

12.8 

13.2 

13.4 

13.7 

11.8 

3 

1. 9. 

4 

7.5 

7.8 


8.8 

8.5 

7.S 

4 

8. 9. 

5 

lO.G 

10.2 

11.0 1 

10.7 

10.2 

8.0 

5 

28. 10. 

3 

8.4 

8.0 , 

8.4 ' 

9,0 

9.4 

S.4 

6 

7. 11. 

3 

15.4 

16.0 i 

16.5 

16.0 

17.2 


17 

14. 1. 

4 

14.0 

14.2 ; 

15.4 ! 

15.8 1 

14.8 

12.8 


meters of the thicker arteries increased percentually less (25— 
50 %) than the thinner ones, which sometimes were doubled. 

This dilatation of the arteries continues in most of the ex- 
periments for 30 — 75 minutes following cessation of CO-ad- 
ministration, sometimes even longer, but 2 ^/, — •!'/. hours after 
exposure it seems to have reverted to a sliglit decrease in dia- 
meter. 

The diameters of the veins, on tlie otlier hand, arc only slightly 
changed, but as a rule both the thicker as well as the tliinner 
ones are somewhat dilated. This dilatation slowly reverts and 
after 2®/* — iVs hours following CO-administration the diameter is 
often less than before. 
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Even the thinnest blood-vessels on the brain surface are dilated 
as indicated by the redder tone of this surface. This change in 
color which is often marked would seem to occur not only as the 
result of a dilatation of previously opened blood-vessels but also 
by an opening of previously closed vessels. In several cases it 
could be shown that anastomoses have been opened between two 
arteries. 

The effect of carbon monoxide on the brain volume. 

It has been possible from determinations of the distance be- 
tween a point on the surface of the window and one on the brain 
surface to follow the changes in the brain volume without altering 
the pressure within the skull cavity. 

In Table 3 the values obtained by these determinations have 
been collected and it appears that this distance decreases with 
8 — 55 % as long as the carbon monoxide is administered and in- 
creases slowly until after 2^/4 — hours when it generally is the 
same as before. 

Table 3. 


Distance between window surface and brain surface in mm. 


Animal number 

Date 

Before CO 

During CO 

After CO 

1 

2 

1 

2 

30-75 

min. 

27.- 

472 

hrs. 

1 

6. 8. 

2.9 

2.9 

2.7 

2.7 

2.9 

2.9 

2 

29. 8. 

1.8 

1.9 

1.7 

1.6 

1.5 

1.7 

3 

1. 9. 

2.9 

2.8 


2.4 

2.4 

2.9 

4 

8. 9. 

2.1 

2.0 

i 1.9 

1.5 

1.7 

2.0 

5 

28. 10. 

2.8 

1 2.8 

2.7 

2.6 

2.8 

2.85 

6 

7. 11. 

2.0 

1 2.0 

1.9 ' 

1.7 

2.0 


7 

14. 1. 

2.75 

1 2.7 

2.5 

2.5 

2.6 

2.7 1 


At the end of the experiment the animals were bled to death 
and the brains removed. In only one case it was possible to de- 
monstrate a swelling of the brain (Experiment 29 . 8). 

The effect of carbon monoxide on the intracranial pressure. 

In two experiments the intracranial pressure was measured 
dming the entire period of observation and the values thus 
aine are collected in Table 4 . These values must be under- 
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Table 4. 

Intracranial pressure in on H 2 O. 


Animal number 

Date 

Before CO 

During CO 

After CO j 

1 


2 

1 

2 

30-75 

min. 

2V.-i 
4 V. 1 

hrs. • 

1 

1 

28. 10. 
7. 11. 

4.75 

5.S 

5.0 

6.9 

6.0 

8.8 

7.2 

11.0 

4.4 

O.s 

“1 

2 



stood as correct in relation to each other but not absolutely, 
since no particular attempt was made to obtain an exact adjust- 
ment of the manometer level in relation to the cannula point 
under the window. This was not considered important in these 
experiments. As seen in the Table the intracranial pressure 
greatly increases during the exposure to (^0 but decreases rapidly 
upon the cessation of CO-adminis'tration. Already 30 — 75 minutes 
after CO-administration has ceased the pressure is lower than 
before and continues to decrease. 

The time relations between changes of the diameter of the blood- 
vessels in the pia mater, the brain volume and the intracranial 

pressure. 

The time relations between changes in the diameter of the 
blood-vessels in the pia mater, the brain volume and the intra- 
cranial pressure have to a certain extent already become ap- 
parent. Dilatation of the blood-vessels and increase in the brain 
volume accompany each other and only slowly decrease. The 
diameter of the blood-vessels and the brain volume return to 
their initial state first a few hours after the administration of 
carbon monoxide. The intracranial pressure rises with the in- 
crease in diameter of the blood-vessels and in brain volume but 
falls much more rapidly than the comparable reversion of the 
latter. This is also apparent from a closer analysis of the separate 
experiments such as are illustrated in Fig. 2. The rapidity uith 
which these changes occur following the instigation of CO-ad- 
ministration may also be seen on the diagram thus indicating 
the sensitivity to carbon monoxide of the mechanism regulating 
the blood supply to the brain. The marked drop in intracranial 
pressure following CO-exposure is not explained by changes in 
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the brain volume and neither, as shown in Fig. 2, by a decrease 
in blood pressure, but seems to be dependent on conditions not 
apparent from the observations which have been made here. 


Discussion. 

The experiments have shown that the brain oedema following 
an acute carbon monoxide poisoning, which can be demonstrated 
by observations through a trepanated opening does not generally 
have its counterpart if the skull cavity is closed. Observations 
through the mounted window showed that the increase of the 
brain volume is accompanied by the dilatation of principally the 
arteries and the thinner blood-vessels in the pia mater and is 
probably also dependent on the dilatation of the blood-vessels 
in the inner brain, which was observed earlier with respect to 
the thinner blood-vessels (Sjosteatid, 1935). This swelling of the 
brain slowly recedes, however, at the same time as the diameter 
of the arteries in the pia mater become reduced. Only in one 
experiment with closed opening in the skull, could also the pres- 
ence of a brain oedema be demonstrated after the. animal was 
killed. 

The explanation of the residual brain oedema observed through 
a trepanated opening may be that the brain swelling accompanying 
dilatation of the blood-vessels is greater when the intracranial 
pressure is zero, which results in a "pinching” of that part of the 
brain substance in the trepanated opening. This causes a disturb- 
ance of the circulation in that part of the brain with subsequent 
appearance of a local oedema. The observations made by Forbes, 
Cobb and Feemont-Smith (1924) after trepanation must not, 
consequently, be transferred to the conditions which exist with 
an unopened skull. 

Even if it is well known in pathology that a fatal carbon mon- 
oxide poisoning can be the cause of a brain oedema in man, it 
is not thereby proved, that this condition is the fact in cases of 
^ight or moderate poisoning and that it is the reason for the 
eadache present in the latter case. It is therefore justifiable 
0 assume that for the present no acceptable explanation has 
een given for the headche usually occurring after an acute car- 
oon monoxide exposure. 

From the results found in this investigation the following ex- 
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planations may be given for the headache symptom of carbon 
monoxide poisoning. During the absorption of carbon monoxide 
by the blood and already at low concentrations of carboxyhaeino- 
globin the blood-vessels of the skull cavity, particularly the ar- 
teries and capillaries, within as well as outside the brain, are 
dilated. This results in a swelling of the brain and a pressure 
rise in the skull cavity producing a sensation of “pressure in the 
head”. ^^Tien the stroke volume of the heart and thereby the pulse 
amplitude is increased by exercise, the distension of the arterial 
walls produces a sensation of pain. This is perhaps particularly 
true of the a. meningea media which is well supplied with pain 
end-organs, thus explaining the fact that the accentuated head- 
ache is usually located in the temporal region. After exposure the 
intracranial pressure drops and the sensation of pressure also dis- 
appears. The remaining dilatation of the arteries, however, may 
still cause the factors influencing the blood supply to the brain, 
such as, exercise, change in position of the head, to give rise to 
a sensation of throbbing pain. In connection with the subsequent 
drop in intracranial pressure below the initial level, it is possible 
that tension is exerted on the walls of the vein sinuses which may 
produce a sensation of pain. This would explain why the subse- 
quent headache has a different character from the original feeling 
of pressure and that it is located to the top of the head, forehead 
or neck varying for different individuals. 

Finally it may be pointed out that the pressure rise in the 
skull cavity due to absorption of carbon mono.xidc causes a 
corresponding increase in the capillary pressure in the brain. 
This is inclined to counteract the improvement in the blood flow 
which a dilatation of the vessels would seem to imply. Naturally 
if the intracranial pressure becomes very high the blood flow 
may instead be retarded which would then contribute towards 
an impairment of the oxygen supply to the brain tissues. Within 
those parts of the brain where adaptation of the blood-vessels for 
some reason is not possible, c. g. by arteriosclerotic changes, 
traumatic injuries, the rise in intracranial pressure causes an im- 
pairment of the conditions for the blood flow which is not com- 
pensated for by dilatation of the blood-vessels. Therefore an im- 
pairment of the oxygen supply at relatively low concentrations of 
carboxyhaemoglobin may occur within these areas of the brain. 
This may be an explanation for the very low tolerance to carbon 
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monoxide whicli some individuals disply witli xespect to cettain 
functions of tlie central nervous system (Sjostrand, 1942). 


Summary. 

Using a simplified tecimique, a glass window was mounted in 
the skull wall of cats under light dial or ether anaesthesia, there- 
after the effect of carbon monoxide administered via the lungs 
was observed on the diameter of the blood-vessels in the pia 
mater, on the brain volume and on the intracranial pressure. 
The diameter of the blood-vessels was measured with an ocular 
micrometer, the brain volume by determining the distance be- 
tween the brain surface and the window surface, the intracranial 
pressure by a water manometer connected to a cannula fastened to 
the window. 

During absorption of carbon monoxide the diameter of the 
blood-vessels in the pia mater increases, particularly the arteries 
and the capillaries, the brain swells and the intracranial pressure 
rises. After the administration of carbon monoxide the brain 
volume and the diameter of the blood-vessels slowly deerease 
approximately to their original value. On the other hand the 
intracranial pressure reverts more rapidly and falls considerably 
below the initial level. These observations are illustrated in Dig. 2. 

The above observations seem to explain the presence of the 
headache accompanying carbon monoxide poisoning and the very 
low tolerance to this gas which some individuals display with 
regard to certain functions of the central nervous system. 
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Action of n, n-Dibenzyl-Cliloroetliylainiiie 
(Dibenamine) on tbe Eifect of Sympathetic 
Secretory Impulses to the Submaxillary 
Gland of the Cat. 

By 

BOKJE UVNAS. 

Received 5 March 1948. 


Last year Nickerson and Goodjian introduced a new sym- 
patholytic drug, dibenamine. According to these authors the 
drug reduces or annuls sympathetic excitatory effects on smooth 
muscle. Dibenamine is assumed to block excitatory effects of 
the transmitter at sympathetic nerve endings but not to interfere 
with the release of the transmitter. As it seemed of interest to 
investigate the action of the new drug on the effect of sympa- 
thetic secretory impulses, the following experiments were made. 

The experiments were performed on cats under chlornlosc an- 
ajsthesia. Sherrington electrodes were placed on the s^nnpathetic 
trunk in the neck and on the lingual nerv'c just proximal to the 
point where the chorda tyrapani nerve branches off. Botli nervea 
were ligated proximal to the electrodes. Electrical stimuli were 
delivered by a thjTatron stimulator. The nerves were stimulated 
for 30 seconds and the secretion, measured in drops from the can- 
nulated submaxillary duct, was registered by a drop recorder. Be- 
tween every stimulation the gland was allowed to rest for at least 
5 minutes. The blood pressure was recorded in the femoral artery 
by a mercury manometer. Dibenamine was given intramuscularly, 
intraperitoneally or slowly intravenously. 
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Kg. Gat 3 CMoralose Salivary secretion during stimulation of the chord, 
ympani nerve (Oh) and the sympathetic trunc (Sy). 

1. sSelEaSS 

2 3? dibenamine 10 mg/kg intravenously. 

a repeated dose of dibenamine 10 mg/kg intravenously 


Results. 


“S’** *>’0 secretory effect oi 

by dibenamine °i0— completely abolished 

effect did not appear instentlv\^? weight. This blocking 
PP instantly but increased gradually and was 










364 


BORJE DVNAS. 


maximal in about an boux. The pupillary dilatation and the 
contraction of tbe nictitating membrane elicited by the stimula- 
tion of the sympathetic nerves considerably or completely dis- 
appeared in the same time. The secretory response to chordal 
stimulation was not abolished but was usually reduced by 20 
— 30 per cent. It is not clear whether this reduction indicates a 
specific effect of dibenamine. It might be secondary to the con- 
siderable blood pressure fall caused by dibenamine on chlora- 
lozed cats. The blood pressure usually fell to and remained at 
80 — 100 mm of mercury. The fig. shows one of the experiments. 


Summary, 

Dibenamine in doses of 10 — 20 mg per kg body weight completely 
abolishes the salivary secretion elicited by sympathetic stimula- 
tion. 


Eeference. 

Nickeeson, M. and L. S. Goodman, J. Pharmacol. 1917. S9. 16<. 
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The Chemical Transmission of Vasoconstrictor 
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The chemical nature of the transmitter at adrenergic nerve 
endings has for many years been a matter of dispute. As adrenaline 
in its biological action imitates many sympathetic effects this 
substance was early suspected to play a part in the mediation 
of the effect of sympathetic impulses (Elliot 190i). 

The experimental evidence proving the existence of a hu- 
moral transmission mechanism at sympathetic nerve endings 
was given by Loewi (1921). In a later paper Loewi (1936) con- 
cluded from experiments on the frog heart that no experimental 
evidence contradicted the idea that "Sympathicusstoff” is iden- 
itcal with adrenaline. Cannon and Ubihil as early as 1914: 
made the important discovery that on stimulation of the hepatic 
nerves in cats, a substance appeared in the blood stream inducing 
acceleration of. the denervated heart and a rise of blood pres- 
sure. There were no reports on the nature of this blood borne 
principle until 1931 when in the first of a series of papers Cannon 
and his group showed that stimulation of sympathetic nerves, 
in addition to its local action, elicited remote excitatory effects 
on denervated organs such as the heart, smooth muscle and 
salivary gland. The term sympathin was used to designate the 
effector substance. Cannon and Bacq (1931) suggested that 
sympathin and adrenaline possibly were identical. 



366 


BJOM FOLKOW AND BOBJE DVNaS. 

Cannon and Kosenblueth (1933, 1935), however, observed 
diflerences in the biological effects of sympathin and adrenaline. 
An attempt to overcome the difficulties involved in the hvpo- 
thesis that sympathetic effects were mediated by one transmit- 
ter, was made by Cannon and Rosenblueth (1933) with the 
postulate of a sympathin E and I. According to their concep- 
tion, sympathetic impulses release a mediator substance — pos- 
sibly adrenaline — that in the effector cell is further elaborated 
forming new active principles. “Two kinds of sympathin are 
produced, sympathin E, excitatory, produced by structures 
stimulated, and sympathin I, inhibitory, produced by structures 
inhibited by sympathetic impulses.” The remote actions observed 
were, according to their theory, produced not by the mediator 
substance itself but by principles formed in the effector cells. 
Cannon and Lissak (1939) and Lissak (1939) in extracts of 
adrenergic nerves and various organs found an agent with bio- 
logical and chemical properties similar to those of adrenaline. 
These findings were considered “to be consistent with their 
idea that adrenaline is liberated at the endings of adrenergic 
fibres, and that sympathin, which escapes from the stimulated 
region into the blood stream, is the adrenaline which has been 
modified by the affected cells”. 

Cannon and Rosenbluth’s theory has not been generally 
Accepted. Barger and Dale (1910) investigated the biological 
properties of several sympathomimetic amines. They found that 
arterenol (nor-adrenah’ne) imitated sympathetic effects more 
closely than did adrenaline. Bacq (1934) suggested that adre- 
naline might be identical wdth sympathin I and nor-adrenalinc 
with sympathin E. Recently Euler (1945, 1946) in a series of 
papers has reported that extracts from adrenergic nerve fibres 
and from tissues innervated by such fibres contain a specific 
sympathomimetic principle. This principle shows biological and 
chemical properties more similar to nor-adrenaline than to 
adrenabne. From his studies Euler concludes that nor-adrenaline 
might be the adrenergic transmitter. On the other hand Gaddu.w 
and Kwiatkowski (1938, 1939) and Gaddum, Jang and Kwiat- 
kowski (1939) conclude from studies on the chemical and bio- 
logical properties of the substance liberated by adrenergic nerves 
in the rabbit’s ear that their c.xpcriments “leave no doubt that 
the active substance is adrenaline”. Recently Gernandt and 
XOTTERMAN (1946), investigating the influence of ergotamme 
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on the vasoprep- cr response to adrenaline and stimulation of the 
splanchnic nerves in the cat, conclude that adrenaline might be 
the adrenergic transmitter. 

Ergotamine has been used by many investigators to study 
problems concerning the mechanism of vasomotor control. 
Dale (1913), Cannon and Rosenblueth (1935), Bulbring and 
Burn (1935) used this drug to show the existence of sympathetic 
vasodilators in the dog and cat. However, the validity of the 
conclusions drawn from observations on ergotaminized animals 
has been questioned. For instance, it has been discussed whether 
the modification caused by ergotamine on vasoconstrictor effects 
produced by stimulation of sympathetic nerves is due to a blocking 
of excitatory responses and a consequent unmasking of a vaso- 
dilator action or whether the results obtained represent a reversal 
of the response of effector cells to the sympathetic mediator, as 
is the case with injected adrenahne. 

Nickerson and Goodman (1947) introduced a new sympatho- 
lytic drug, N,N-dibenzyl-chloroethylamine (dibenamine). Accor- 
ding to their claims the drug reverses the vasopressor responses 
elicited by adrenaline, by stimulation of the splanchnic nerves, 
anoxia, and the nicotine action of carbaminoylcholine on atropin- 
ized cats. In comparison to ergotamine, dibenamine was con- 
sidered to have “the advantages of specificity, potency and 
prolonged action”. As a substance with these properties seemed 
to us to offer new possibilities for the study of some problems 
concerning the transmitter mechanism at vasomotor nerve en- 
dings, a series of experiments were started, the first parts of 
which are presented in this paper. 


PART I. 


Action of Dibenamine on Yasomotor Responses Elicited 
by Adrenaline, and by Electrical Stimulation of the 
Lower Abdominal Sympathetic Chain. 


Exp erimental. 

performed on eviscerated cats under chlor- 
ma j chloralose-urethane anaesthesia (50 

wlh Url"'- urethane per kg body weight). The liver 

The animaf kidneys and the adrenals were left intact, 

ibe animal was partly divided into an upper and a lower half by 

%~480Wf. Actavhys.Scandinav. Vol.15. 
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mass ligation of the muscles and the skin at the height of the fifth 
lumbar vertebra. The sympathetic chains were cut at the licicht 
of the second lumbar vertebra and carefully dissected free down 
to the fifth lumbar vertebra. The white and grey communicant 
fibres of this part of the chains were severed. The abdominal aorti 
and the lower caval vein were freed and all branches from about 
two centimeters above the dividing plane down to the bifurcation 
of the large abdominal vessels were ligated. In this way the cat was 
divided into two parts, the only connections between the upper 
and the lower part being the vertebral columna with the spina! 
medulla, the vertebral vessels, the aorta and the lower caval vein. 

The blood flow through the hind limbs was measured by a Gaddum 
recorder (Gaddum 1929), the outflow from the hind limbs coining 
from the distal portion of the ligated caval vein and the inflow from 
the Gaddum recorder entering through the proximal end of this 
vein. Intraarterial injections were made into the stump of the severed 
inferior mesenteric artery. To obtain reliable injection conditions all 
injections were made with a constant volume (0.2 ml) at 37 °C. As 
the substances injected were dissolved in physiological saline, frequent- 
control injections of saline were given. The blood pressure was 
recorded in the brachial artery by a mercury manometer. The sym- 
pathetic trunks were stimulated by a Collison electrode (COLUSOX 
1934:), usually by stimuli from a thyratron stimulator, capable of de- 
livering impulses of varying frequency and voltage, inicn not other- 
wise stated the frequency of stimuli was 60/sec. Dibenamine was 
given slowly intravenously by a perfusion apparatus. Heparin was 
used as an anticoagulant. 


Results. 

Intraarterial injection of 0.10—10 y adrenaline usually caused 
a pronounced vasoconstriction. A decrease in the blood flow 
through the hind limbs and a rise of blood pressure occurred. 
A rather frequent observation was the wellknown vasodeprc.s- 
sor effect of small adrenaline doses (less than 1 y); an initial 
increase of the blood flow occurred, followed by a more or less 
marked decrease. 

Sympathetic stimulation almost regularly eh'cited a marked 
vasoconstriction. As will be discussed in a later report vasodilata- 
tion could be obtained with stimuli of certain frequency and 
strength. 

Dibenamine caused a fall of blood pressure, that u.sually was 
lowered to and remained at about 100 mm Hg. The vasopressor 
response to intraarterial injection of adrenaline was reversed a 
few minutes after some mg dibenamine. The vasopressor response 
to sympathetic stimulation resisted dibenamine considerably 
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longer but after 10—20 mg per kg body weight it changed to a 
vasodepressor I'esponse. The reversal was maximal in 30—60 
minutes and persisted as long as the experiment lasted, that is 
for at least 6 hours. 

However, a rather puzzling vasomotor response to stimuli of 
certain frequency and strength was observed on some cats treated 
with .dibenamine. An observation of this kind is shown in fig, 1. 
Intraarterial injections of 0.1 and 1 y adrenaline elicited a vaso- 
constriction. The blood flow through the limbs diminished con- 
comitantly with a rise of the general blood pressure. The sympa- 
thetic chains were stimulated by square formed stimuli of ten 
milliseconds duration and a frequency of 40 per sec. The nerves 
were stimulated first with a low (0.2 V), and then with a higher 
intensity (1.5 V). Marked vasoconstrictor effects were obtained. 
Dibenamine 15 mg/kg was then given. The previous vasopressor 
effect of adrenaline was completely reversed. The blood flow 
in the hind limbs increased concomitantly with a fall of the 
general blood pressure. Eepeated stimulation of the nerves 
showed that stimuli of the higher intensity now elicited a pro- 
nounced vasodilatation. The weaker stimuli still caused a vasocon- 
striction. These differences between the effects of stimuli of 
higher and lower intensity persisted for more than an hour, 
a time long enough for the sympatholytic effect of dibenamine 
to become maximal. 


Comments. 

Nickerson and Goodman observed on cats that dibenamine 
reverses the vasoconstriction elicited by stimulation of the 
splanchnic nerves, by anoxia and by the nicotine action of carb- 
aminoylcholine. They interpret these observations on the basis 
of the sympathin theory. Dibenamine is considered to act on 
the effector cells preventing the excitatory responses to sjonpathin 
E. The vasodepressor effects observed under the influence of 
dibenamine are believed to be due to to the unmasked action 
of sympathin I. In our view Nickerson and Goodman s ob- 
servations do not justify decisive conclusions as to the nature 
of the transmitter mechanisms at vasomotor nerve endings. 
Using their experimental procedures it is impossible to decide 
to what extent the vasodilator effects observed are due to the 
activation of vasodilator nerve fibres or to the peripheral action 
of metabolites accumulated during anoxia. 
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Our experiments confirm Nickerson and Goodman’s obser- 
vation that dibenamine reverses the vasoconstrictor action of 
adrenaline and they partly confirm their observation that the 
drug reverses vasoconstrictor responses to stimulation of sym- 
pathetic nerves. The fact that in our experiments, imder the 
influence of dibenamine weak stimuli still elicit vasoconstriction 
while stronger stimuli elicit vasodilatation indicates that the 
vasomotor responses are probably due to the concomitant stim- 
ulation of two different types of nerves. Weak stimuli pre- 
dominantly elicit vasoconstrictor impulses, the action of which 
is not completely blocked by dibenamine. Stronger stimuli in 
addition activate vasodilator fibres, the vasodilator effect being 
unmasked by the partial blocking of the constrictor response. 
The fact that the constrictor response to weak stimuli is simply 
reduced but not reversed to a vasodilator response, in our view 
does not favour but rather contradicts the idea that adrenaline 
is the transmitter at vasoconstrictor nerve endings. 

A further analysis, by the use of sympatholytic drugs, of the 
biological properties of the transmitter substance at vasocon- 
strictor nerve endings, requires experimental procedures where 
exclusively vasoconstrictor nerves are activated. Our experiments 
were therefore extended to an investigation on the effect of di- 
benamine on reflex vasoconstrictor responses obtained by ac- 
tivation of vasoconstrictor centres, for instance by lowering the 
blood pressure. As a vasopressor response elicited in this way 
involves the activation of nervous pathways with synapses in 
the central nervous system and peripheral ganglia, we found 
it necessary to record the action of dibenamine on the involved 
nervous pathways, especially in view of reports that another 
sympatholytic drug, ergotamine, interferes with the action of 
baroceptive impulses from the carotid sinus. According to Euler 
and ScHMiTERLow (1944) this action of ergotamine is localized 
in the CNS. 


PAET II. 

Site of Action of Dibenamine. 

A. Action on Sympathetic Ganglia. 

Technique. 

siipetior cervical ganglion, the con- 
f the nictitating membrane serving as an indicator for 



372 BJORN FOLKOW AND BORJE UVNAS. 

sympathetic postganglionic discharge. The ganglion was prepared 
according to Kibjakow (1933). The jugular vein and the common 
carotid artery with all branches except those supplving the ganglion 
were ligated. * ^ ® 

To obtain a concentration of dibenamine in the perfusate com- 
parable to that obtained in the blood when administered to the 
whole animal the ganglion was perfused from a donor cat to which 
the drug was given. Cross-circulation was established in the following 
way. Arterial blood from one of the common carotids of the hepari- 
nized donor cat was directed into the proximally ligated common 
carotid artery of the recipient cat. The outflow from the ganglion 
was collected through a cannula in the jugular vein, the perfusion 
thus being under permanent control. With this technique dibenamine 
did not reach the nictitating membrane of the recipient. Stimulation 
of the sympathetic trunk in the neck was performed by a Collison 
electrode. Electrical stimuli were obtained from a thyratron stim- 
ulator. 

Results. 

Responses of the nictitating membrane to praeganglionic stim- 
ulation stiU remained unaffected two hours after the administra- 
tion of dibenamine 20 mg/kg to the donor. Acetylcholine was 
given intraarterially to the ganghon. The injections evoked strong 
contractions of the nictitating membrane at the begiiming as 
well as at the end of the experiment proving that dibenamine 
did not interfere with the action of acetylchohne and that the 
ganglion remained in good condition. Three experiments all gave 
uniform results. 

B. Action of Dibenamine on Transmission in CNS. 

The effect of dibenamine on the transmission in the central 
nervous pathways concerned with eliciting reflex vasoconstriction 
in the Mnd limbs was studied in cross-circulation experiments. 
These were arranged in such a way that dibenamine did not 
reach the endings of the activated vasoconstrictor nerves. 

3Iode of 'pre'paraiion. 

Recipient. 

The recipient cat was eviscerated .as described on page 367. The 
animal was then divided into an upper and a lower part at the 
height of L 5 by careful ligation of the abdominal wall and all the 
longitudinal muscles of the back until the vertebral columna was 
reached By this procedure all vessels connecting the two parts ol 
the animal except the aorta, the lower caval vein and the vessels 
in the vertebral columna were obstructed. 
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W.C.tWHITE COMMUNICANT FIBRE 
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Fig. 2. Schematic drawing illustrating the sympathetic innervation, to the 
hind limbs of the cat and the point where the rubber balloon was inserted 
and inflated in order to obstruct spinal vascular and nervous connections 
between the fore-quarters and the hind limbs of the jecipient. 


Injury to the abdominal sympathetic chains was carefully avoided. 
The nerves were proteeted from drying and cooling 'by covering 
them with cotton wool soaked in blood and warming them with a 
heat lamp. A hole was drilled in the dorsal part of the fifth lumbar 
vertebral arch. A cannula with a small rubber balloon tied round 
its tip was inserted through this hole into the spinal canal. By in- 
flating the balloon with water under high pressure, the spinal me- 
dulla, and intraspinal vascular connections between the two parts 
of the animal were blocked. As the preganglionic sympathetics in- 
nervating the hind limbs emanate from the first four lumbar segments 
and the dividing plane is situated at the lower end of the fifth lumbar 
vertebra, the sympathetic outflow to the hind limbs remains intact 
(fig. 2). The abdominal sympathetic chains thus form the only nervous 
connection between the two parts of the animal. 

Donor. 

The donor animal was eviscerated as described above. A few 
centimeters of the aorta, and the lower caval vein were dissected 
free for the insertion of cannulas. 

Establishing cross circulation (fig. 3). 

The cats were heparinized with 0.1 mg heparin per kg intra- 
venously. The aorta and the lower caval vein of both animals were 
hgated at the height of L 5. The proximal end of the aorta of the 
donor was connected with the distal part of the aorta of the 
recipient. The outflow from the hind limbs of this animal was 
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r^r^ 

CROSS — CIRCULATION 


Fig. 3. Schematic drawing illustrating the cross-circulation arrangement. 


directed to a Gaddum recorder through a cannida in the lower 
caval vein distallj to the ligature. 

From the recorder the venous blood was drained to the proximal 
part of the ligated caval vein of the donor. By this arrangement the 
isolated, hind fart of the recifient received blood solely from the donor 
whilst its vasomotor control was supflied via the sympathetic chains 
of the recipient, these being the only nervous pathuays for impulses 
from the CNS. The absolute vascular separation of the two parts 
of the recipient was evident from the fact that no indication of diben- 
amine action could be observed in the undibenaminized part of 
the animal even in experiments lasting 5 — 6 hours. 

The blood pressures of both animals were recorded by mercury 
manometers connected to the brachial arteries. Intravenous injec- 
tions were made into the brachial veins. Intraarterial injections 
to the hind limbs of the recipient were given into the cannulated 
stump of the inferior mesenteric artery. 

Vasoconstrictor discharges to the hind limbs were elicited by 
lowering the blood pressure in the carotid sinus region by clamping 
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Fig, 4, Cross- circulation. Donor 3.8 kg. Recipient 3 kg, Chloralose-urcthanc, 
Action of dibenamine to fore- quarters of recipient on reflex vasoconstriction 

in hind limbs. 

From above; Blood pressure donor, blood pressure recipient, blood flow 
through the hind limbs of recipient, marks indicating occlusion of tbe carotids, 
time marking. 

A) before dibenamine. B) after dibenamine. 


the conxinon carotids proxiinally to the carotid sinus region, or by 
the intravenous injection of small amounts of acetylcholine. In order 
to enhance the vasopressor responses the buffer action of the baro" 
ceptors in the aortic region was eliminated by severing both vagi. 

l^esuUs. 

Kg. i illustrates an experiment of tbis type. Both, common 
carotids of the recipient were clamped. This elicited a pronounced 
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rise in blood pressuie in the upper part of the animal. Simul- 
taneously a marked reduction of the blood flow through the hind 
limbs occurred as a result of the increased vasoconstrictor 
discharge through the abdominal sympathetic chains. 

Dibenamine 20 mg/kg was then given to the forequarters, causing 
a fall of blood pressure to 100 mg Hg. It was regularly observed 
in our experiments on animals with a low blood pressure, due to 
bleeding or other circumstances, the vasopressor response to 
lowering the pressure in the carotid sinus was very weak. To 
obtain a blood pressure in the recipient of the same level as before 
dibenamine, the blood pressure was therefore raised to about the 
original height by small amounts of vasopressin (Hypadrin, Astra) 
and by transfusion of blood. After these precautions reduction of 
the pressure in the carotid sinus ehcited a marked reduction of 
the blood flow through the hind limbs more than an hour after 
dibenamine 20 mg/kg had been given (see fig. 4 B). 

As will be shown in later experiments dibenamine in the doses 
used completely blocks the action of vasoconstrictor impulses induced 
by the activation of vasoconstrictor centres. The fact that a 
reduced but still marked rise in blood pressure occurs in the fore- 
quarters given dibenamime, requires therefore some comment. 

In the isolated fore-quarters occlusion of the common carotids 
excludes a considerable part of the remaining peripheral vascular 
bed. It seems reasonable to ascribe the remaining rise in blood pressure 
at least partly to haemodynamic effects. On the other hand Bayliss 
{1901, 1902), Bacq et al. (1934) and recently Bach (1946) claim that 
the vasodepressor response elicited by stimulation of the depressor 
nerve is due to the activation of vasodilator fibres in the dorsal roots. 
They further claim that these fibres mediate impulses which are con- 
cerned with the maintenance of a vasodilator tone. In our experi- 
ments spinal vasodilator fibres in the upper part of the recipient 
are intact whilst impulses carried in such fibres do not reach the lower 
part. The persisting pressor response in the fore-quarters elicited 
by occlusion of the common carotids (fig. 4 B) is possibly to some 
extent due to an inhibition of a vasodilator tone. Brown and May- 
cock (1940) experimenting on sympathectomized cats brought evi- 
dence to indicate that there might be vasoconstrictor nerves not 
emanating from the thoracico-lumbar outflow running in spinal nerves. 
In our experiments the possible activation of such fibres can not be 
excluded. An additional factor raising the blood pressure might be 
the increase of heart rate occurring when the carotids are clamped 
(see table 1). 

We have not attempted a detailed analysis of the piessor response 
remaining in the fore-quarters of the recipient under the influence 
of dibenamine, as this phenomenon does not interfere with the 
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Table 1. 

Increase of Heart Bate due to Occlusion of the Common Carotids of 
the Becipient from fig. 6 given Dibenamine SO mgikg. 

Heart beats per minute. 


Control During occlusion of common carotids 

210 220 

214 224 

208 224 

214 234 


validity of our observations concerning the action of dibenamine on 
transmission in the CNS. 

The reflex vasoconstriction in the lower part of the recipient, 
induced by the intravenous injection of acetylcholine to the 
upper part, was not altered in magnitude by giving dibenamine 
to the tipper part. 

Asphyxia was produced in the recipient by occlusion of the 
tracheal cannula for a short period. A rise of blood pressure in 
the fore-quarters and a vasoconstriction in the hind limbs was 
observed. After dibenamine to the upper part of the reeipient 
the same procedure evoked a vasodepression in the fore-quarters 
but still a vasoconstriction in the hind limbs, due to a dominant 
peripheral vasodilator action of COj in the upper part, whilst 
the lower part was solely under the influence of the central action 
of CO 2 (see page 385). 

Uniform results were obtained in all of five cross-circulation 
experiments with dibenamine given to the fore-quarters of the 
recipient. The drug did not significantly interfere with the trans- 
mission in the nervous pathways involved in eliciting reflex 
vasoconstriction in the hind hmbs. 

C. Action of Dibenamine on the Neuro-Elfectoi* Transmission 
at Accelerant Nerve Endings. 

As reported above an immediate increase in the heart rate 
occurred when the common carotids were clamped in a cat given 
dibenamine (table 1). The fact that dibenamine does not block 
the release of the mediator at the adrenergic nerve endings to 

t e heart, was confirmed in experiments where the accelerant 
nerves were stimulated. 

In three artificially respirated cats a Sherrington electrode 
was inserted through a hole in the chest between the second 
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and third ribs and placed around the right steUate ganghon 
The sympathetic trunk above the ganglion was cut. The ganghon 
and the cardiac nerves emanating from it were stimulated by 
electrical stimuli. The cardiac acceleration induced by the stimula- 
tion was not reduced by dibenamine. This is shown in table 2. 

Table 2. 

Effect of Stimulation of Right Stellate Ganglion on Heart Rate. 

I) Cat 2.7 kg. Cliloralose-urethaiie. 


Heart beats per minute. 


Before stim. 

During stim. Increase in % 


200 

236 

18 


190 

224 

18 


186 

224 

20 

mean value 

192 

214 

11 

16 % 

192 

228 

19 

196 

216 

10 


One hour after dibenamine 20 mg/kg 



172 

212 

23 


172 

192 

12 


188 

216 

15 

mean value 

184: 

204 

11 

12.3 % 

178 

196 

10 

II) Cat 2.5 kg. 

Chloralose-urethane. 



Before stim. 

During stim. Increase in % 


234: 

272 

16 


236 

272 

15 

mean value 

252 

266 

6 

12.3 % 

One hour after dibenamine 20 mg/kg 



220 

266 

21 


218 

250 

14 


220 

270 

23 

mean value 

232 

250 

16 

18.2 % 

236 

276 

17 

IH) Cat 2.5 kg. 

Chloralose-urethane. 



Before stim. 

During stim. Increase in % 


230 

280 

22 


240 

278 

16 


232 

276 

19 

mean value 

228 

270 

18 

18.8 % 

One hour after 

dibenamine 20 mg/kg 



188 

248 

32 

mean value 

210 

258 

23 

212 

260 

23 

26 % 
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Comments. 

In part 11 of this paper it is demonstrated that dibenaminc 
does not significantly interfere with the transmission of impnlses 
in central and peripheral nervous structures involved in producing 
reflex vasoconstrictor discharges to the hind limbs. The drug 
does not block the neuro-effector transmission at the junction 
of adrenergic nerve endings and the heart. Nickerson a.nd 
Goodman observed an acceleration of the heart when stimulating 
the left splanchnic nerves on adrenalectomized cats given di- 
benamine. They ascribe these effects to the remote action of 
released sympathin E. In its biological action dibenaminc thus 
seems to be closely related to ergotamine. The most likely e.x- 
planation of its action is that it blocks the excitatory effects 
of the transmitter at adrenergic nerve endings without inter- 
fering with the release of this transmitter. 


PART III. 

Action of Dibenamine and Ergotamine on Yasoconstrictor 
Responses dne to Reflex Activation of 
Tasoconstrictor Centres. 

A. Vessels of the Hind Limbs. 


Experinienial. 

Cross-circulation with two cats was arranged as described on 
page 7 (see fig. 3). It will be recalled that in this arrangement all 
vascular connections between the upper and lower parts of the reci- 
pient cat were blocked and that the intact abdominal sympathetic 
chains constituted the only nervous connection between these parts. 

Vasoconstrictor discharges to the hind limbs of the recipient were 
produced by clamping the common carotids proxiraally to the car- 
otid sinus region, by intravenous injection of acetylcholine, by 
asphyxia, by inhalation of CO 2 or by stimulation of the central stump 
of the brachihl nerve. 

Pig. 5 shows a typical experiment of this .type. Intraarterial 
injections of 1 y adrenaline, and 1 y nor-adrenaline into the in- 
ferior mesenteric artery cause a vasoconstriction with a decreased 
blood flow through the hind limbs. 

Clamping both common carotids of the recipient elicits a pro- 
noimce ood piessure rise in. the fore-quarters and a marked 
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Pig. 5. Cross-circulation. Donor 2,7 kg. Eecipient 2.5 kg, Chloralose- 
urethane. Action of dibenamine to hind limbs of recipient on vasoconstrictor 
responses to adrenaline^ nor-adrenaline^ and reflex vasoconstrictor impulses. 

Prom abore; Blood pressure donor^ blood pressure recipient^ blood f2o«^ 
through hind limbs of recipient, stimulation and injection marks, time 
marking. 

A) before dibenamine. B) after dibenamine 20 mg/kg. 


vasoconstriction in the hind limbs. The increased peripheral 
resistance in the perfused hind limbs induces a blood pressure 
rise in the donor. 

Injection of acetylcholine into the brachial vein of the fore- 
quarters elicits an abrupt blood pressure fall and an outflow of 
vasoconstrictor impulses to the hind hmbs analogous with the 
events on occlusion of the carotids. Note the secondary blood 
pressTire rise in the donor. 

Stimulation of the abdominal sympathetic chain at L 5 results 
in a vasoconstriction in the hind limbs with a consequent blood 
pressure rise in the donor. 

Dibenamine is now given to the donor. Fig. 5 shows the picture 
60 minutes after dibenamine 20 mg/kg was given. 

1 y adrenaline elicits a marked vasodilatation whilst the va- 
soconstrictor response to nor-adrenaline is completely abolished. 
Although the vascular responses in the upper half of the recipient 


CHExMICAL TRAKSxMISSION OF VASOCONSTRICTOR IMPULSES. 381 




dwAS inwiis ^ 
*1000 :mvo 
‘y ^00 

*y *A't *TOMO ’OV^I 
*y *TOOO *MVO 
:y Y M *aav ^ 3 

'dWAS nnKUS 

'y ‘A *1 'HQV-MOH ^ I 



*y 'v *1 *«av ^ 3 
'y 'v *1 ‘Hov ^ I 
dHAS nnwiis 


‘y 'A *1 ‘yav-HON ^ 
■y 300 

•y 'A'l *TOHO *DV 

‘y 1000 -avo 


I 


6. Cross-circulation. Donor 1.8 kg. Recipient 2.8 kg. Chloralosc-urctbanc. Action of crgotarainc to hind limbs of 
recipient on vasoconstrictor responses to adrenaline, nor-adronaline, and reflex vasoconstrictor impulses. 

^ From^ above: Blood pressure donor, blood pressure recipient, blood flow through the hind limbs of the recipient, 
stimulation and injection marks, time CO seconds. 

A) before orgotamino. B) after ergotamino 6 mg/k^. 
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eKcited by clamping of tbe carotids, or by intravenous injection 
of acetylcholine remain unchanged in magnitude, the concomitant 
’Vasoconstriction in the hind limhs completely disappeavs. On the 
•other hand the vasoconstrictor response to sympathetic stimula- 
tion is reversed. 

9 crossrcirculation experiments of this kind gave quite uni- 
form results. However, as dibenamine is a new drug, as yet little 
studied for the sake of comparison some experiments were per- 
formed with ergotamine. The results were indentical with those 
obtained with dibenamine. One experiment is shown in fig. 8, 
presented as it shows some facts not seen in fig. 7. Ergotamine, 
•5 mg per kg, given slowly intravenously completely abolishes 
reflex vasoconstriction in the hind limbs and the vasoconstrictor 
response to nor-adrenaline. The vasoconstrictor responses to 
stimulation of the sympathetic chain and to adrenahne are re- 
versed. A vasodilatation occurs in the hind limbs of the recipient 
followed by a fall of blood pressure in the donor. — Note the 
■definite blood pressure variations in the donor cat following the 
vasomotor responses in the hind limbs. 

In this experiment 1 y nor-adrenaline was given intravenously 
to the recipient. The consequent blood pressure rise in the fore- 
■quarters evokes a slight vasodilatation in the hind hmbs and a 
consequent fall of blood pressure in the donor. After ergotamine 
the same blood pressure rise in the fore-quarters does not in- 
fluence the blood flow through the hind hmbs (see Folkow 
and Uvnas 1948). 

The blood pressure rise in the fore-quarters as the result of stim- 
ulation of the sympathetic chains (see e. g. fig. 6) evidently is due 
to stimulation of afferent fibres. This pressor response frequently 
observed in the fore-quarters persisted after dibenamine or ergota- 
mine was given to the donor but disappeared completely after dibe- 
namine was given to the fore-quarters. 

According to Burn (1938) the vasoconstriction which occurs 
on stimulation of the sympathetic chain of a dog is chiefly in the 
skin. He considers about 20 per cent of the reduction of the leg 
volume to be due to constriction in the muscles. Our observations 
on cats with skinned or unskinned legs do not agree with those 
of Burn on dogs. In the cat the major part of the reduction of 
blood flow on stimulation of the sympathetics is due to vaso- 
constriction in the muscles. However, to satisfy ourselves that 
the vasoconstriction elicited by activation of vasomotor centres 
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was not mainly restricted to the skin we made a cross circulation 
experiment with the hind limbs of the recipient skinned. In this 
experiment clamping the common carotids or injection of acetyl- 
choline intravenously still elicited a pronounced vasoconstriction 
in the hind limbs. As was the case in experiments with unskinned 
legs the vasoconstriction was annulled but not reversed after 
dibenamine. 

Among recent investigators Biorck (1947) and Gernandt 
and ZoTTBRMAN (1946) on cats given dibenamine (B) or ergo- 
tamine (G and Z) observed a vasodepressor effect with the in- 
halation of COj. G and Z ascribe this depressor action of CO 2 
mainly to the peripheral action of accumulated COo, partly to 
the reversed effect of adrenaline liberated at adrenergic nerve 
endings or to the action of sympathin I. 

In a few experiments we exposed the recipient to an increased 
CO 2 content in the inhaled air. As seen in fig. 6 this procedure 
caused a vasopressor effect in the fore-quarters as well as in 
the hind limbs. — Hote the consequent blood pressure rise in 
the donor. — After ergotamine 6 mg/kg (or dibenamine 20 mg/kg) 
to the donor the vasoconstrictor response in the hind limbs was 
completely annulled but not reversed although the pressor response 
remained unaffeeted in the fore-quarters. Similar results were 
obtained when asphyxia was produced in the recipient by ob- 
structing the tracheal cannula for a short period. Dibenamine or 
ergotamine given to the donor annulled but did not reverse the vaso- 
constrictor response in the hind limbs. 

In some other experiments, dibenamine, 20 mg/kg, was given 
to the recipient (fore-quarters). Before dibenamine asphyxia of 
the recipient elicited a pressor response but, as seen in fig. 7, 
after dibenamine a pronounced vasodepression occurred in the 
fore-quarters. The persistant constrictor discharge to the hind 
limbs, however, still caused vasoconstriction there. If asphyxia 
was then produced in the donor, a vasopressor response occurred 
in that animal, demonstrated by a marked blood pressure rise. 
Concurrently a pronounced vasodilatation occurred in the per- 
fused hind limbs. Since only vascular connections existed between 
the two animals the increased blood flow in the hind limbs must 
have been due to the combined action of local anoxia and the 
increased COi-tension in the blood. Identical results were ob- 
served when the donor was exposed to an increased CO 2 concen- 
tration in the inhaled air. 

27 4804U. Acta pliys. Scandinav. Vol. 15. 
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Fig. 7. Cross-circulation. Donor 3 kg. Recipient 2.6 kg. Chloralose-urothane. 
Effect of asphyxia of donor or recipient on blood flow and blood pressure. 

From above: Blood pressure donor, blood ’pressure recipient, blood flow 
from hind limbs of recipient, time marking. 


B. Vessels of the Splanchnic Beg^ion. 

The action of dibenamine on reflex vasoconstriction in the 
splanchnic region was recorded in three cross-circulation experi- 
ments. Cross-circulation was arranged between two cats as follows. 

The donor cat was eviscerated as described on page 367. The ab- 
domen of the recipient was opened bv a midline incision and the 
spleen removed. The superior mesenteric artery was dissected free at 
its proximal end and cannulated, care being taken not to damage the 
adjacent nerves. Cranial and caudal vascular connections from the 
splanchnic region were obstructed by ligatures around the inferior 
mesenteric artery, the rectum and the proximal end of the duodenum. 
Finally the portal vein was prepared free, ligated and cannulated 
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distallv to the ligature. Both animals were heparinized and cro.si3- 
circulation established. By rubber tubings directed through stab 
wounds in the abdominal wall the proximal end of the aorta of the 
eviscerated donor was connected with the superior me.scnteric artery 
of the recipient, and the portal vein of the recipient with a Gaddum 
recorder. From the recorder the blood was drained to the proximal 
part of the ligated lower caval vein of the donor. By this arrangement 
the splanchnic region of the recipient received its blood supply from 
the donor whilst its vasomotor control was supplied via the intact 
sympathetic nerves. Adrenaline and nor-adrenaline were administered 
by "close intraarterial” injections into the rubber tubing leading 
to the superior mesenteric artery. The blood pressure of the recipient 
was recorded in the bracial artery. 

Results. 

Intraarterial injections of adrenaline, or nor-adrenaline reg- 
ularly elicited a vasoconstriction of the splanchnic vessels. 
Clamping of the common carotids of the recipient below the 
carotid sinus regions, or injection of acetylcholine into the brachial 
vein of the recipient elicited a pronounced reflex vasoconstriction 
of the splanchnic vessels. Under the influence of dibenamine 20 
mg/kg the vasoconstrictor response to adrenaline was regularly 
reversed to a vasodilatation, although this was not as marked 
as in the muscular vessels. The constrictor actions of nor-adrenaline 
or reflex vasoconstrictor impulses wmre more or less annulled hut 
never reversed. Fig. 8 illustrates one of these experiments. 

Comments. 

As, appears from the papers cited on the pages 365 — 367, there 
is contradictory evidence to the rather generally accepted concep- 
tion that adrenaline is the transmitter at sympathetic vasocon- 
strictor nerve endings. In our cross-circulation experiments under 
the influence of dibenamine and ergotamine in adequate doses, 
stimulation of the abdominal sympathetic chains or injection of 
adrenaline causes vasodilatation contrasting with constriction in 
the untreated animal. When, however, exclusively vasoconstrictor 
fibres are activated by reflex stimulation cf vasoconstrictor 
centres the vasoconstrictor response is, under the influence of 
dibenamine or ergotamine redueed or annulled hut not reversed. 
Since there is no indication that dibenamine or ergotamine inter- 
fere with the release of the adrenergic transmitter our experiments 
suggest that this transmitter is not adrenaline; to comply with 
our 0 servatmns the transmitter should lack vasodilator properties. 

rom our o servations nor-adrenaline fulfills this requirement; 
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Fig. 8, Cross-circulation. Donor (D) 3.2 kg. Recipient (R) 2.8 kg. Chloralose- 
urethane. Action of dibenamine on constrictor responses in splanchnic region 
elicited by adrenaline, nor- adrenaline and reflex constrictor impulses. 
From above: Blood pressure donor, blood pressure recipient, blood flow 
in splanchnic region, marks indicating occlusion of carotids, and injection 
of drugs, time marking. 

A) before dibenamine. B) after dibenamine (when adrenaline is given. 
Note the initial small fall of blood pressure concomitantly with the increase 
of blood flow followed by a marked vasodepression caused by the appearance 
of adrenaline in the general circulation). 


under tlie influence of ergotamine or dibenamine its vasoconstric- 
tor effect is reduced or annulled and it does not cause vasodilata- 
■ tion. Our results are in full agreement with the view held by 
Euler that nor-adrenaline actually might be the adrenergic 
transmitter. 

The vasodilatation produced by stimulating the abdominal 
sympathetic chains seems to us to be adequately explained by 
the activation of sympathetic vasodilators. This assumption 
agrees well vdth observations of Dale (1913), Cannon and Rosen- 
BLUETH (1935), Bulbring and Burn (1935) and others. In follow- 
ing papers we present further evidence for the existence of 
efferent sympathetic vasodilators, cholinergic in their mode of 
action, in the hind limbs of the cat. 
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Summary. 

Experiments are presented which indicate that dibenamine 
blocks the effector cells to the vasoconstrictor action of the ad- 
renergic transmitter and adrenaline and that it does not interfere 
with the release of the adrenergic transniitter. 

The transmitter at vasoconstrictor nerve endings in the cat 
is not likely to be adrenaline; to satisfy our observations the 
transmitter should be a substance with exclusively vasoconstrictor 
action. It might be nor-adrenaline. 

The vasodilator response to stimulation of the sympathetic 
chains after dibenamine is adequately explained as due to activa- 
tion of vasodilator fibres. The vasodepressor action caused by 
COz or asphyxia after dibenamine or ergotamine is due to the 
peripheral action of COj and metabolites. 
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Tlie Distribution and functional Significance 
of Syinpatlietic Vasodilators to the Hind 
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In a previous paper from this laboratory (Folkow and Uvnas 
1948) we reported that dibenamine and ergotamine annul the 
vasoconstriction in the hind limbs of the cat elicited by reflex 
activation of vasoconstrictor centres. On the other hand, under 
the influence of dibenamine or ergotamine, stimulation of the 
abdominal sympathetic chains resulted in a pronounced vasodi- 
latation interpreted by us as indicating the activation of vasodi- 
lator fibres. As very little is known about the distribution and func- 
tional significance of sympathetic vasodilators in the cat an in- 
vestigation on this subject was carried out.^ 


Experimental. 

When not otherwise stated the experimental procedure was the 
same as reported by Folkow and Uvnas (1948). The blood flow in 
the partly isolated hind limbs of the cat was measured by a Gaddum 
recorder {Gaddum 1929). The sympathetic trunks, cut at the height 
of Lj and dissected free down to the ganglion of Ls, were stimulated 
electrically. The blood pressure was recorded in the brachial artery 
by a mercury manometer. Dibenamine, when used, was given slowly 
intravenously. 

For papers doling with sympathetic vasodilator fibres in. the dog and 
cat see Folkow, HaiOEB and Uvnas ( 1948). 
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a) Selective stimulation of vasodilator fibres. 

In 9 experiments the sympathetic trunks were stimulated by 
square shaped, sinus shaped and spike shaped stimuli, and fre- 
quency, duration and intensity varied. 


MM, 

HG. 



Fig. 1, Cat 3.3 kg. Chloralose-urethane. Vasoconstrictor and vasodilator 
responses to stimuli of various frequency and strength. 

From above: Blood pressure, blood flow through the hind limbs, stimulation 
marks. 

. 1) Stim. 30 sec. 3 V. frequency 60/sec. 2) Stim. 30 sec. 2 V. frequency 
60/sec. 3/ Stim. 60 sec. 3V. frequency 15/sec. 


In three of these experiments significant vasodilator effects 
were observed. A dilator response of this type is shown in fig. 1 
where spike shaped stimuli were used. Stimuli with a frequency 
of 60/sec. induced a marked vasoconstriction (1 and 2 in fig. 1). 
"When the frequency was changed to 15/sec. an initial dilatation, 
followed by a constriction occurred (3 in fig. 1). — Note the con- 
comitant increase of blood flow and fall of blood pressure. — In 
the second experiment in which vasodilator responses were oh- 
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Fig. 2. Diagrammatic section t'nrough a spinal nerve and the spinal cord 
to illustrate the chief functional types of peripheral nerve fibres (from Ra.n- 
soK, Anatomy of the Nervous System 1939). The points of ganglionectomy 
and anterior root section are indicated. 


served square formed stimuli were used and sinus formed in the 
third. 

In order to investigate whether the vasodilatation was due to 
the stimulation of afferent or efferent fibres, two groups, each of 
3 cats, were operated on as described below. 


b) Elimination of afferent fibres. 

The anatomical arrangement of the thoracico-lumbar division 
of the autonomic nervous system of the cat makes it possible to 
sever the dorsal roots peripherally to the ganglion without dam- 
aging the efferent sympathetic outflow in the spinal nerves. The 
grey communicant fibres join the spinal nerve fibres a few mm 
peripherally to the spinal ganglion (see fig. 2). The efferent sym- 
pathetic fibres to the hind limbs of the cat leave the spinal columna 
through the four upper lumbar anterior roots. We have not been 
able to find out from the available literature to what extent 
afferent fibres from the hind limbs pass through the sympathetic 
chain at the level stimulated in our experiments. But, if there 
are such fibres at this level, the majority of them probably enter 
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Pig. 3. Cat 3.4 kg. Chloralose-urethane. Spinal ganglia — Ls extirpated 

14 days previously to the experiment. 

From above: Blood pressure^ blood flov^ through the hind limbs, stimulation 
marks, time marking. 

A) Vasoconstrictor responses to the separate stimulation of the right and left 
sympathetic chain. 

B) After dibenamine. Vasodilator responses to the separate stimulation of 
the right and left sympathetic chain. 


the spinal medulla through the dorsal roots of the segment in 
which the sympathetic outflow to the hind limbs is foundd 

After extirpation of the spinal ganglia Li — Ls and consequent 
degeneration of the dorsal root fibres, vasodilator responses to the 
stimulation of the sympathetic truncs, if due to antidromic sti- 
mulation, should disappear or diminish. 

^ A schematic drawing illustrating the sympathetic outflow to the hind 
limbs of the cat is presented in a previous paper (Folkow and Uvnas 1948 
B’ig. 2). 
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Fig. 4. Cat 3 kg. Chloralose --urethane. The anterior roots of Li — Ij^ sectioned 
H days prior to the experiment. 

From above: Blood pressure, blood flow through the hind limbs, stimulation 
marks, time marking. 

A) Vasoconstrictor responses to the separate stimulation of the left and right 
sympathetic chain. 

B) After dibenamine. Vasodilator responses to the separate stimulation of 
the left and right sympathetic chain. 


With these premises we severed the left dorsal roots of L^— L5 in 
the following way. Under nembutal anaesthesia and sterile conditions 
the vertebral arches of the five upper lumbar vertebrae were exposed 
on the left side. With a dentist’s drill an opening was made over a 
dorsal root with its ganglion. This was isolated from the anterior 
root with careful dissection, and by cutting the dorsal root just proxi- 
mally and distally to the ganglion it was prepared free and removed. 
By the same procedure the five upper lumbar spinal ganglia were 
extirpated, leaving the sympathetic outflow to the hind limbs intact. 
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The dorsal root fibres were then allowed to degenerate. After 10—14 
days the animals were used in acute experiments. The experimental 
procedure was the same as described by Folkow and Uvnas 1948 
the only difference being that the two sympathetic chains were stim- 
ulated separately by separate Collison electrodes. 

Fig. 3 shows the observations made on one of these animals, 
the spinal ganglia of which had been removed 14 days previously. 
The sympathetic chains were stimulated separately by stimuli of 
identical intensity and duration. There was no significant differ- 
ence in the vasoconstrictor responses obtained on stimulation 
of the right and left sympathetic chain indicating that the efferent 
sympathetic outflow had not been perceptibly damaged by the 
operative procedure. After dibenamine 20 mg/kg the dilator 
response to stimulation of the sympathetic chain was of the same 
magnitude on both sides. 

c) Elimination of efferent sym'paihetic fibres. 

With the technique we employed pre- as weU as postganglionic 
fibres of the sympathetic chain are included in the electrode. 
For this reason the vasomotor response to electrical stimulation 
of the chain cannot be abolished but merely reduced by section 
and consequent degeneration of preganglionic fibres. 

On the second group of cats the spinal roots of Li — were 
exposed as described under b, and the corresponding anterior 
roots cut. After 10 — 14 days the animals were used in acute 
experiments. The experimental procedure was as described under b. 

Before dibenamine, stimulation of the left sympathetic chain 
ehcited a weaker vasoconstriction than stimulation on the unoper- 
ated side. After dibenamine the vasodilator response was con- 
siderably weaker on the operated side (fig. 4). 

Distribution of the Yasodilators. 

a) Experiments on shinned limbs. 

The magnitude of the vasodilator responses observed indicated 
that the dilator fibres were distributed mainly to the muscles of 
the legs. This assumption was confirmed in three experiments on 
skinned limbs. Fig. 5 represents one of these experiments. The 
animal was given dibenamine 15 mg/kg. Stimulation of the sym- 
pathetic chains elicited a marked dilator response. The hind legs 
were then skinned, the tail, and the extremities amputated distally 
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Fig. 5. Cat 3.3 kg. Chloralose-uretliano. Dibenamine 15 mg/kg given. 

From above: Blood pressure, blood flow through the hind limbs, stimu- 
lation marks, time marking. 

A) Twice repeated stimulation of the sympathetic trunks. 

B) The same procedure with the limbs skinned. 

to the ankle joints. A marked vasodepressor response was still 
observed when the sympathetic trunks were stimulated. 

b) Simultaneous observations on vasomotor responses in muscles 
and skin. 

In order to obtain more precise information concerning the distri- 
bution of the sympathetic dilator fibres the rate of flow was recorded 
individually from the caval vein and the saphenal veins. The saphenal 
veins 'were exposed, cannulated 2 — 3 cm below the knees, the blood 
flow from both sides collected and directed to a drop recorder. The 
volume of the blood flow from the skin was calculated from the 
number of drops registered per minute. 

rig. 6 represents one of these experiments. Stimulation of the 
sympathetic trunks caused a pronounced vasoconstriction with 
a decrease of the blood flow from the caval vein as well as from 
the saphenal veins. Dibenamine 20 mg/kg was given. 15 minutes 
later the vasoconstriction in the muscles on stimulation of the 
sympathetics changed to a vasodilatation. A marked increase 
in caval outflow and a fall of blood pressure occurred. In the 
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Fig. 6. Gat 2.8 kg. Ghioralose-urethane. Vasomotor responses in skin and 
muscles to stimulation of the sympathetic chain. 

From above: Blood pressure^ outflow from saphenal veins^ outflow from 
caval vein, injection and stimulation marks, time marking. 

A) Before dibenamine 20 mg/kg. 

B) Immediately after dibenamine. 

0) 60 minutes after dibenamine. 

skin the rate of flow was still diminished. 60 minutes later the 
picture was unaltered. Uniform results were obtained in all six 
experiments of this kind. Dibenamine in doses which completely 
reversed the sympathetic vasoconstrictor response in the muscles 
had no such effect in the skin. The vasoconstrictor response to 
sympathetic stimulation was in the skin largely but not completely 
blocked. 

Functional Significance of the Sympathetic Yasodilators. 

In cross-circulation experiments we made an attempt to obtain 
some information about the functional significance of the sym- 
pathetic vasodilators. 
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Fig. 7. Cross-circulation. Donor 3.8 kg. Recipient 4= kg. Chloralose-urethane. 

Vasodilator response in the hind limhs of the recipient to intravenous- 
injection of 20 ml Tyrode’s solution to the fore-quarters of the recipient. 

A) Before dibenamine. 

B) After dibenamine 20 mg/kg to the donor. Note the disappearance of vaso- 
dilatation in hind limhs. 


The experimental procedure was the same as described in a pre- 
vious paper by Folkow and Uvnas (194:8). In principle the arrange- 
ment was as follows. In one cat the hind limbs were isolated in such 
a way that no vascular connections existed with the upper part of 
the animal, and the abdominal sympathetic chains formed the only 
nervous connection to the CNS. The isolated hind-limbs were supplied 
with blood from a donor cat and the blood flow recorded by the tech- 
nique described by Gaddxjm (1929). 

A reflex vasodilatation was elicited in tb.e hind limbs by inject- 
ing nor-adrenaline intravenously to the upper part of the reci- 
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pient. The blood pressure rise in this part of the animal induced a 
vasodilatation in the isolated hind limbs (see Folkow and Uvnas 
1948 fig. 6). In other experiments the blood pressure was abruptly 
raised in the fore-quarters of the recipient by intravenous in- 
fusion of blood or physiological saline. As seen in fig. 7 the blood 
pressure rise in the upper half of the recipient elicits a marked 
vasodilatation in the hind limbs and a concomitant blood pressure 
fall in the donor. After dibenamine was given to the donor no 
significant reflex vasodilatation could be elicited in the hind 
limbs. Stimulation of the abdominal sympathetic chains as usual 
caused a marked vasodilatation. 

Stimulation of the central stump of the brachial nerve of the 
recipient with weak stimuli of low frequency elicited a vasodilata- 
tion in the hind limbs. This vasodilatation could not be obtained 
after dibenamine was given to the donor. 

Comments. 

The experiments show that in the cat sympathetic vasodilator 
fibres are distributed to the muscles of the hind legs. The fact 
that the vasodilator response to stimulation of the sympathetic 
chains is not affected by degeneration of the dorsal root fibres 
Li — Ls, but definitely reduced after degeneration of preganglionic 
fibres in the sympathetic chain, in our view affords suggestive 
evidence that these vasodilators are efferent. 

With the possible exception of the ear Bulbbing and Bubn 
(1936) deny the existence of sympathetic vasodilators to the skin 
in the dog. They foimd in perfusion experiments that sympathetic 
stimulation caused a vasoconstriction in the skin of the hind 
limbs of the dog. This vasoconstriction could be annulled, but 
never reversed by ergotoxine. 

Our experiments indicate similar conditions in the cat. How- 
ever, it is hard to draw decisive conclusions from our observations. 
As there are intimate vascular coimections between the muscles 
and the skin haemodynamic changes in blood channels of the 
muscles might affect the blood flow in the skin. It is hard to 
predict in which direction this influence will be. Will for instance 
the depressor action of adrenaline or sympathetic stimulation 
diminish the blood flow through the skin because of diminished 
blood pressure or will the cutaneous outflow increase due to the 
opening up of possible vascular channels from the muscles? As 
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seen in fig. 6 stimulation of the sympathetic chains elicits an 
increase of the caval outflow and a marked fall of blood pressure. 
However, the concomitant decrease of the cutaneous outflow does 
not seem to he due mainly to the fall in systemic blood pres- 
sure. Acetylcholine causes, in addition to a fall in blood pressure, 
a significant increase in cutaneous outflow. Further, a fall of 
blood pressure of the same magnitude, induced by obstructing 
the venous inflow from the Gaddum recorder for a few seconds, 
did not significantly influence the blood flow from the saphenal 
veins. As the outflow from the saphenous veins emanates from 
parts of the extremities rather poor in skeletal muscles it seems 
justifiable to conclude that stimulation of the sympathetic trunks 
causes exclusively vasoconstriction. The failure of dibenamine to 
unmask a dilator response seems to us to make the existence of 
syrnfathetic vasodilators to the skin of the cat’s hind legs unlikely. 

Bayliss (1901, 1902) and Bach (1946) consider that the vasodi- 
latation in the hind limbs of the cat induced by a depressor re- 
flex is due to increased discharge of vasodilator impulses through 
the dorsal roots. They deny the existence of a sympathetic vaso- 
constrictor tone to the hind limbs. 

In our cross-circulation experiments the abdominal sympathe- 
tic chains form the only nervous connections between the upper 
and lower part of the recipient. The reflex vasodilatation ob- 
served in our experiemnts therefore must be due either to a di- 
minished constrictor tone, or to dilator impulses or to both. 
In none of the experiments was a reflex vasodilatation observed 
in the hind limbs after dibenamine. As this substance annuls the 
effect of vasoconstrictor impulses and consequently abolishes 
the vasoconstrictor tone it seems probably that the dilator res- 
ponses observed in the hind limbs were due to a reduction of a 
prevailing sympathetic constrictor tone. 

The functional significance of the sympathetic vasodilators 
awaits further elucidation. Tentatively it might be assumed 
that they, in some way or other, are engaged in adapting the rate 
of blood flow to the degree of muscular activity. 


Summary. 

In the cat the existence of efferent sympathetic vasodilator 

1 res to the hind limbs has been demonstrated. This is evident 
from the facts 

28— 480444. Acta phys. Scandinav. Vol. 15. 
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1) that vasodilatation can be produced by stimulation of the 
abdominal sympathetic chains by stimuli of certain characteris- 
tics, 

2) that in animals given dibenamine the vasodilatation pro- 
duced by sympathetic stimulation is rmaffected by degeneration 
of afferent fibres, but reduced after degeneration of efferent 
fibres in the sympathetic chain. 

The vasodilator fibres are confined to the muscles. No evidence 
was found for the existence of sympathetic vasodilators in the 
skin. The functional significance of the sympathetic vasodilators 
is obscure. Possibly they are involved in the coordination of 
muscular blood flow to muscular activity. 
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In the dog cholinergic vasodilator fibres run in the sympathetic 
outflow. Dastre and Morat (1880) observed vasodilatation in 
the bucco-facial region on stimulation of cervical sympathetic 
nerves. Investigating the Eogowicz’ phenomenon — the contrac- 
ture of the upper lip of the dog on stimulation of the cervical sym- 
pathetics after cutting and consequent degeneration of the motor 
nerve to the facial muscles — Euler and Gadeum (1931) found 
this phenomenon probably due to the liberation of acetylcholine 
at vasodilator nerve endings. Bulbring and Burn (1936) showed 
that the sympathetic vasodilators to the hind limbs of the dog are 
cholinergic. On cats Bulbring and Burn only in one instance 
observed a vasodilatation, and that very feeble, when, stimulating 
the sympathetic chain of an eserinized cat. The vasodilator re- 
sponses observed on cats given ergotamine, were not enhanced 
by eserine or abolished by atropine. Bulbring and Burn con- 
clude that “in the cat the sympathetic vasodilators appear to be 
few and in function adrenergic. They can be demonstrated only 
after the injection of ergotamine”. The observations of Bulbring 
and Burn were made on the isolated perfused hind limbs of dogs 
and cats. In order to obtain vasodilator responses to stimulation 
of the abdominal sympathetic chain the vascular tone of the per- 
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fused limbs had to be increased and maintained by a steady in- 
fusion of adrenaline. Rosenblueth and Cannon (1935) studied 
the depressor effect obtained by stimulation of the abdominal 
sympathetic chain on dogs and cats given ergotoxine. They 
observed that the depressor effects obtained in some experiments 
could be enhanced by eserine and more or less abolished by 
atropine. They concluded that in addition to adrenergic dilator 
fibres' cholinergic vasodilators are present in the dog and cat. 
The discrepancy between their results and those of Bulbsing 
and Burn they considered to be only quantitative, due to the use 
of different anaesthetics and different experimental procedures. 

Sherrington (1894) showed that two or three weeks after the 
section of the motor and sensory roots to the hind limbs of the 
cat, stimulation of the peroneal nerve caused contracture of the 
muscles. Hinsey and Cutting (1933) found that this contracture 
was probably due to stimulation of sympathetic nerves, as the 
contracture was observed on stimulation of the grey rami of the 
sympathetic outflow to the hind limbs.’ Bulbbing and Burn 
(1936) confirmed that the Sherrington phenomena can be pro- 
duced in the hind legs of the dog and the cat. 

In a previous paper Folkow and Uvnas (1948 b) reported on 
the distribution of sympathetic vasodilators to the hind hmbs 
of the cat. Considering the numerous reports on the existence of 
chohnergic vasodilators in the sympathetic outflow in the dog, 
and the Sherrington phenomena in the cat’s hind limbs it was 
tempting to assume that the sympathetic vasodilators to the 
hind limbs of the cat were cholinergic. These experiments were 
undertaken to settle this issue more definitely. 


Experimental. 

The experimental procedure was the same as described in detail 
in a previous paper (Folkow and TJvnas 1947 a). Eviscerated cats 
under chloralose-urethane were used. The blood flow from the 
partly isolated hind limbs was recorded according to the method 
described by CAnnuM (1929). Intraarterial injections to the hind 
limbs were made into the proximal stump of the cut inferior mes- 
enteric artery. The sympathetic chains, cut at the height of Lj 
and dissected free down to the ganglion of L5, were stimulated elec- 
trically. To block the constrictor and reveal the dilator response 
to stimulation of the sympathetic chain dibenamine was given, 10 — ^20 
mg/kg slowly intravenously. 



CHOLINERGIC VASODILATOR NERVES. 


403 


Results. 

Effect of atropine. In onx experiments atropine (0.5—1 mg/kg) 
regularly reduced tlie vasodilator response to stimulation of tke 
sympatketic ckain after dibenamine (fig. 1 and 2). In 6 of 12 
experiments atropine completely abolisked tbe dilator response; 
in tbe other experiments tbe response was reduced to at least one 
third of tbe original. Atropine did not reduce tbe dilator action 
of adrenaline or histamine. 



Fig. 1. Cat 3 kg. Chloralose-urethane. Dibenamine 15 mg/kg given. 

Effect of atropine on vasodilatation elicited by stimulation of sympathetic 
chains. 

From above: Blood pressure, blood flow through hind limbs, stimulation 
marks, time marking. 

Note the disappearance of the dilator response and the reappearance of 
a pure constrictor response. 


An interesting observation was made on atropinized animals. 
When tbe dilator response was abolished by atropine a vasocon- 
strictor response frequently reappeared (fig. 1). This constrictor 
effect evidently was due to the fact that dibenamine — like 
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ergotamine — does not completely block tlie action of the released 
constrictor mediator. 

The effect of eserine. Our attempts to show a potentiating effect 
of eserine on tbe vasodilator responses to stimulation of: the 
sympathetic chains met with difficulties as the combined action 
of dibenamine and eserine caused such a pronounced vasodilata- 
tion and depression of the blood pressure that a further vasodila- 
tation by nerve stimulation or acetylcholine could hardly be 
obtained. In some experiments, where the depressor action was 
moderate in size or where the vascular tone was increased by 
adding 1 — 2 international units of vasopressin (0.1 — 0.2 ml Hypa- 
drin, Astra) tbe effect of eserine could be observed. We found that 
in every cat — five in number — where eserine was observed to 
potentiate the dilator action of acetylcholine it also enhanced the 
dilator response to stimulation of the sympathetic chain. Fig. 2 
shows the potentiating effect of eserine. In this as in other experi- 
ments the vagi were bilaterally cut in order to reduce the )iradycar- 
dia caused by eserine. 


The Eelease of Acetylcholine at Dilator Nerve Endings. 


Bulbring and Burn (1935) observed that an acetylcholine- 
like substance appeared in the perfusate from the hind limbs 
of the dog when the abdominal sympathetic trunk was stimulated. 
The amount of active substance was so minute that it could only 
be detected by its action on the leech. Unfortxmately no leeches 
were available in this country during the course of our experi- 
ments. We therefore resorted to the method described by Dale 
and Feldberg (1934) in their study of the appearance of acetyl- 
choline in the perfusate from the stomach of the dog on vagal 
stimulation. 

We used cats under chloralose. The animals were eviscerated as 
described by Eolkow and Uvnas (1948 a). The sympathetic trunks 


Fig. 2. Cat. 3.2 kg. Chloralose-uretliane. 

Potentiating effect of eserine on vasodilator response to acetylclioline> 
Btixnnlation of sympathetic chains (10 sec, 0.5 V), 

Ine effect of atropine. 

From above: Blood pressure, blood flow through hind limbs, stimulation 
and injection marks, time marking. 

amine response to stimulation of symp. chain before diben- 

VasodUator response to stimulation of symp. chain, 
by atropSe ^ C. after dibenamine' and eserine. D. abolished 
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were prepared for stimulation as previously described. The aorta and 
tbe caval vein were prepared for perfusion. Since Peld'berg and Dale 
(1934) have shown that the postganglionic fibres to the sweat glands 
of the cat’s paw are cholinergic we amputated the hind legs just below 
the ankle joints. 

The cats were given eserine O.s— l.o mg/kg slowly intravenously 
about 30 minutes prior to the perfusion to allow time for the inactiva- 
tion of choline esterase. 0.5 mg atropine was given to prevent the 
bradycardia caused by eserine. 

The hind limbs were perfused with Tyrode’s solution from a pres- 
sure bottle equipped with a heater and a thermostat. The temperature 
of the perfusion fluid was kept at about 38° C and eserine was added 
to a final concentration of about 1 : 300 000 — : 400 000. 

The limbs were perfused through the aorta and the outflow col- 
lected from the caval vein. The pressure in the bottle was adjusted 
to give a perfusion rate of about 50 ml per minute. Care was taken 
to keep the rate of perfusion constant throughout the experiment. 
This usually did not cause any difficulties, a decrease of the outflow 
due to vasoconstriction occurred only to a slight degree at the begin- 
ning of a stimulation period. 

After starting the perfusion, a first confrol sample (100 ml) was 
taken as soon as the outflow was uncontaminated by blood. The 
sympathetic trunks were then stimulated for about 2 minutes until 
100 ml of perfusion fluid were collected. If a repeated stimulation was 
applied the perfusion was allowed to proceed uninterrupted for 5 
minutes before the next control sample was taken and stimulation 
started again. 

The pH of the samples to be tested was adjusted to about 4 by 
adding N/10 HCl. They were then evaporated under vacuum and 
the dried residue thoroughly shaken with absolute alcohol, filtered and 
evaporated again under vacuum. The dried residue was then dissolved 
in 5 ml Tyrode’s solution and tested for activity on the cat’s blood 
pressure and the rectus muscle of the frog. 

Results. All of five experiments gave quite consistent results. 
Out of 9 samples collected during stimulation of the sympathetic 
trunks 7 contained a substance with the properties of acetylcholine. 
The active substance caused a transient fall of the cat’s blood 
pressure. This depressor action was completely abolished by 0. 1 mg 
atropine. The depressor action was enhanced if the cat was 
eserinized. It was completely abolished if the sample was made 
alkaline to a pH about 9 and allowed to stand at 37° C for 30 
minutes. The substance exerted the nicotine action of acetyl- 
choline on the rectus muscle of the frog. When quantitatively 
compared for its muscarine and nicotine action satisfactory corres- 
pondence was observed. The activity observed corresponded to 
a concentration of acetylcholine of about 60 y per litre. 
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Pig, 3. Cat 2.3 kg. Chloralosc. 

Depressor action of perfusate from hind limljs, coUcctcd separately from 
caval and saphenous veins. 

1. Saphenous outflow during stimulation 0.2 ml. 

2. t t t j> O.S nil. 

3. Acetylcholine 0.1 y, 

4. Caval outflow during stimulation 0.1 ml, 

5. 0 » » t 0.05 ml. 

6. j> » n i> 0.02 ml. 

7. Acetylcholine 0.05 y. 

8. Caval outflow during stimulation 0.05 ml. 

9. Acetylcholine 0.1 y. 

10. Caval outflow, control 0.1 ml. 

11. » t » 1.0 ml. 

A = atropine 0.1 mg, 

12. Acetylcholine 1 y. 

13. Caval outflow during stimulation 0.1 mg. 


ISTone of the 10 control samples, given in amounts ten times 
larger than the active samples, contained detectable amounts 
of acetylcholine when tested on the cat’s blood pressure and the 
rectus muscle of the frog. 

Acetylcholine is released during transmission in sympathetic 
ganglia (Feldberg and Gaddum 1934). Tliereforc in one experi- 
ment we collected the venous outflow from the hind limbs from 
the femoral veins below Poupart’s ligaments. In another experi- 
ment especial care was taken to ligate all branches from the aorta 
and the caval vein down to their passage through Poupart’s liga- 
ments. By this procedure outflow from the sympathetic ganglia 
could not contaminate the collected perfusate. Acetylcholine still 
appeared in the perfusate during stimulation of the sympathetics. 

As our previous experiments (Folkow and Uvnas 1948 b) 
indicate that the sympathetic vasodilators of the hind limbs are 
distributed exclusively to the muscles we in one experiment 
collected separately the perfusate from the caval vein and the 
saphenous veins, cannulated just below the knees. Fig. 3 repre- 
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sents the assay of samples from this experiment: 0.1 ml of the 
sample from the muscle collected during nerve stimulation shows 
a depressor action corresponding roughly to 0.1 y acetylcholine. 
1 ml of control fluid has no depressor effect. Samples from the 
saphenous veins, concentrated from an original volume of 25 ml to 
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Fig. 4. Eserinized rectus muscle of the frog. Nicotine action of perfusate 
from the hind limbs, collected separately from caval and saphenous veins 

(same samples as in fig. 3). 

1. Acetylcholine 0.25 /. 

2. Caval outflow during stimulation 0.25 ml. 

3. Caval outflow, control 1.0 ml. 

4. Acetylcholine 0.15 ml. 

5. Saphenous outflow during stimulation 1.0 ml. 

6. Saphenous outflow, control 1.0 ml. 

7. Acetylcholine 0.25 /. 

5 ml, had no depressor action. Fig. 4 shows the assay of the same 
samples on the eserinized rectus muscle of the frog. The quan- 
titative correspondence between the assays in the different sub- 
strates is satisfactory. 


Comments. 

In the dog cholinergic vasodilators are distributed in the 
sympathetic outflow to the bucco-facial region (Euler and 
Gaddum 1931) and to the muscles (Bulbring and Burn 1935). 
Adrenergic vasodilators are assumed to be confined to the 
intestines and the skin of the ear (Bulbring and Burn 
1936) and the heart (among recent investigators Katz and 
JocHiM 1939, Greene 1935, Essex et al. 1942). 

According to current teaching the sympathetic vasodilators 
in the cat are adrenergic. Unable to obtain evidence for the 
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cholinergic nature of the sympathetic vasodilators in the hind 
limbs of this animal, Bulbring and Burn (1935) explain the 
discrepancy in their observations on dogs and cats by assuming 
that in the dog “in the course of evolution the adrenergic dilator 
mechanism to the muscles has been abandoned because it "was 
necessarily inefficient. Obviously dilator fibres liberating acetyl- 
choline are much more efficient.” In a previous paper (Folkow 
and TJvnas 1948 b) it was shown that efferent vasodilator fibres 
run in the sympathetic outflow to the muscles of the cat’s hind 
legs. Our present experiments prove that these dilator fibres are 
chohnergic. The question then arises whether in addition to these 
cholinergic vasodilators there are dilator fibres of adrenergic 
nature in the hind limbs. This question is intimately related to 
the problem as to whether or not there really are any adrenergic 
vasodilators in the dog and cat. 

The conception of the existence of adrenergic vasodilators in 
the dog and cat is based exclusively on indirect e\ddence, mainly 
on the observations that adrenaline in low concentrations dilates 
the vessels of the muscles and the heart, and that on animals given 
ergotamine vasodilator responses to the stimulation of sympathe- 
tic nerves is not abolished by atropine or enhanced by eserine. 
In our view this evidence is unsatisfactory. There is no proof 
that adrenaline really is the transmitter at adrenergic nerve end- 
ings in these species. On the contrary evidence has accumulated 
indicating that the adrenergic transmitter is a substance lacking 
vasodilator properties (Euler 1945, 1946, Folkow and Uvnas 
1948 a). The fact that atropine does not regularly annul the vaso- 
dilator response to stimulation of the sympathetics in our view 
is not incompatible with the opinion that the dilator fibres are 
cholinergic. 

There are several parasympathetic effects resistant to atropine, 
for instance the effect of vagus impulses on the muscles of the 
gastrointestinal tract and of vasodilator impulses in the chorda 
tympani; nevertheless acetylcholine is regarded as the transmitter 
at the endings of these nerves. Dale and Gaddum (1930) discuss- 
ng the discrepancies between the action of atropine on the effects 
of acetylcholine and parasympathetic impulses write: “We know 
nothing of the mechanism of the atropine paralysis, but for purely 
diagrammatic purposes we may regard it as creating a barrier, 
which a choline ester cannot pass. If such an ester is liberated at 
t e parasympathetic nerve endings, to act as transmitter of the 
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effect of nerve impulses the latter will be paralysed completely, 
or partially or not at all by atropine, according as the liberation 
takes place wholly without, partially within or wholly within 
the barrier.” In a later paper we will present evidence indicating 
that cholinergic vasodilator fibres run in the sympathetic outflow 
to the heart of the dog and the cat. For this reason and supported 
by the present results we feel justified to assume that the entire 
sympathetic vasodilator system in these species might be cholin- 
ergic. 

Euler (1946) stresses the significant observation that the 
sympathomimetic agent he extracted from adrenergic nerves and 
various tissues innervated by such fibres, in conformity with nor- 
adrenaline, exhibits stronger stimulatory than inhibitory actions 
but that both substances stiU exert definite inhibitory actions on 
various organs. The observations of West (1948) agree with those 
of Euler in regard to the biological properties of nor-adrenahne. 
According to Euler “the adrenergic ergone as well as nor-adren- 
aline would therefore be able to elicit most of the inhibitory effect 
observed on sympathetic nerve stimulation, with the possible 
exception of those on the blood vessels where an inhibitory action 
is questionable”. This obstacle to the assumption that nor-adren- 
aline or a substance with similar biological properties actually 
is the real adrenergic transmitter in dogs and cats would be elim- 
inated if the sympathetic vasodilator mechanism in these 
species is cholinergic. 


Summary. 

In the cat cholinergic vasodilators in the sympathetic outflow 
to the muscles of the hind limbs have been demonstrated. 
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According to current teaching the sympathetic vasodilators in 
the cat are adrenergic. Hovirever, recent observations indicate that 
the adrenergic transmitter is not adrenaline but a substance 
lacking vasodilator properties (Eulee 1945, 1946). Experiments 
by Folkow and Uvnas (1948) corroborate this conception. Fol- 
Kow et al. (1948 a and b) demonstrated that cholinergic fibres run 
in the sympathetic outflow to the hind limbs of the cat and in 
the sympathetic outflow to the heart of the dog and cat. These 
observations make it doubtful whether vasodilators liberating 
adrenaline really exist in these animals. For this reason we con- 
sidered it desirable to reinvestigate the vascular actions of adren- 
aline, nor-adrenaline and some other sympathomimetic drugs. 

Experimental. 

Experiments were performed on cats under chloralose-urethane 
anaesthesia. The experimental procediure for observations of mus- 
cular and cutaneous vessels was the same as described by Folkow 
and Uvnas (1948). In principle: After evisceration the animal was 
partly divided into an upper and a lower part by mass ligation of 
the abdominal wall and the longitudinal muscles of the back at the 
height of the fifth lumbar vertebra. The blood flow in the hind limbs 
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was recorded by the technique described by Gaddum (1929). The 
drugs subjected to investigation were injected intraarterially into the 
proximal stump of the severed inferior mesenteric artery. 

Observations on the splanchnic vessels were made in the following 
way. The abdominal cavity was opened by a midline incision. The 
spleen and the great omentum were removed. The pyloric region 
and the colon just distally to the inferior mesenteric artery were 
ligated. Heparin 6 mg per kg was given. The portal vein and the 
main trunk of the superior mesenteric artery were dissected free. 
The artery was temporarily clamped, the portal vein ligated and two 
cannulas inserted, one proximally, the other distally to the ligature. 
The superior mesenteric artery was then severed a few mm distally 
to the point where it branches off from the aorta and a short rubber 
tubing attached between the two cut ends of the artery. The rubber 
tubing was used for intraarterial injections into the splanchnic vas- 
cular bed. The clamp was then removed from the superior mesenteric 
artery and the portal outflow directed to a Gaddum recorder. The 
outflow from the recorder was returned to the proximal part of the 
ligated portal vein. In some experiments the left splanchnic nerve 
was prepared free, cut just below the diaphragma and placed in a 
Ludwig electrode. The vessels of the left adrenal were ligated. The 
abdominal incision was then closed, care being taken not to interfere 
with the blood flow to and from the recorder. The blood pressure was 
recorded in the common carotid artery. 

Results. 

Action on muscular vessels. The constitution of the sym- 
pathomimetic drugs investigated is shown in fig. 1. Their action 
on the blood flow in the hind limbs was recorded in experiments 
on 14 cats. Nor-adrenaline proved to be the most potent vaso- 
constrictor drug, the minimal active dose being 0.1 — 1.0 y. As 
adrenaline in low concentrations is known to exert a vasodilator 
action on muscular vessels some of the experiments were perfor- 
med on skinned hind limbs. Under these conditions nor-adrenaline 
still elicited pure vasoconstrictor responses. An experiment of 
this type is shown in fig. 2. Adrenaline in the doses 0.1, 1.0 and 
2.0 y elicited a vasodilator response, higher doses, 3.0 and 6.0 y, 
caused predominant vasoconstriction. Nor-adrenaline in the doses 
0.1, 1.0 and 2.0 y induced pure vasoconstriction. Under the in- 
fluence of dibenamine, 20 mg per kg, the vasoconstriction induced 
by adrenaline was reversed to a pure vasodilation (fig. 3). On the 
other hand dibenamine partially or completely blocked but did 
not reverse the constrictor action of nor-adrenaline (fig. 3). In a 
minority of experiments with doses of not-adienaline of 10 y or 
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Pig. 2. Cat 3.8 kg. Chloralose-urethane. Limbs skinned. 
Vasomotor responses to intraarterial injections of adrenaline, nor-adren- 
aline, adrenalone and adrianol. 

From above: Blood pressure, blood flow through hind limbs, injection 
marks, time marking. 


more a very slight vasodilator action on the muscular vessels was 
revealed under the influence of dibenamine. 

Adrenalone (adrenone, stryphnone), adrianol (neo-synephrine) 
and suprifen exerted a considerably weaker vasoconstriction than 
adrenaline and nor-adrenaline; of these drugs 10 — 20 y had to be 
given to elicit a significant vasoconstriction. Dibenamine com- 
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Fig. 3. Cat 3.8 kg. Chloralose-urethane. Limbs skinned. 
Dibenamine 20 mg/kg given. 

Vasomotor responses to intraarterial injections of adrenaline, nor-adren« 
aline, adren alone and adrianol. 

From above: Blood pressure, blood flow through hind limbs, injection 
marks, time marking. 


pletely annulled these constrictor effects. As seen in fig. 3 a slight 
vasodilatation appeared after 20 y adrenalone. It was regularly 
observed that when the doses of adrenalone, adrianol and suprifen 
were increased to 100 y or more a slight vasodilatation occurred 
under the influence of dibenamine. Sympatol and veritol were 
even less potent vasoconstrictors, about 100 y being the minimal 
effective dose. The constrictor action of these two drugs was com- 
pletely abolished by dibenamine. As with the other substances a 
slight vasodilator action appeared under dibenamine when the 
doses of sympatol and veritol were increased 10 — 100 times the 
minimal active dose. 

Actio7i on cutaneous vessels. In five experiments the blood flow 
was separately collected from the caval and the saphenous veins 
cannulated 2 3 cm below the knees. No vasodilator action of 

29 'i80iU. Acta phys. Scandinav. Vol. 15. 


416 BJ6RN FOLKOW, J0RGEN frost and borje utnas. 

MM.HG 

) 190 

170 
f50 

SKIN BLOOD FLOW 

MUSCLE BLOOD FLOW 

STIMUL. 

TIME 60 SEC. 


Fig. 4. Gat 2.8 kg. Chloralose-urethane. 

Vasomotor responses in skin and muscles to adrenaline and acetylcholine. 

From above: Blood pressure, outflow from saphenous veins, outflow from 
caval vein, injection marks, time marking. 

A) before dibenamine, B) after dibenamine 20 mg/kg. 

adrenaline was observed on the vessels of the skin. As seen in fig. 
4 0.1 y adrenaline increases the caval outflow but decreases the 
outflow from the saphenous veins. 0.1 y acetylcholine increases 
caval as well as cutaneous flow concomitantly with a pronounced 
fall in blood pressure. Evidently acetylcholine dilates both the 
muscular and cutaneous vessels. A blood pressure fall of the same 
magnitude as caused by acetylcholine produced by obstructing 
the venous return from the Gaddum recorder, did not significantly 
reduce the flow in skin. The decrease in the saphenous outflow 
observed after vasodepressor doses of adrenaline thus indicates a 
vasoconstrictor action of adrenaline in the skin. 

Dibenamine in doses that reversed the vasoconstrictor response 
of the muscular vessels to adrenaline to a vasodilatation did not 
reverse the constriction in the skin. The vasoconstriction in the 
skin was largely, but usually not completely blocked by diben- 
amine (see fig. 4). 

Action on splanchnic vessels. In experiments on 6 cats the action 
of adrenaline and nor-adrenaline on the splanchnic vessels was 
recorded. Both substances elicited exclusively vasoconstrictor re- 
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Fig. 5. Cat 3.2 kg. Chlornlose-urctbane. 

Vasomotor responses to adrenaline and nor-adrcnnline given intraarterially 
and intravenously. Influence of ergotamine 2 mg/kg. 

From above; Blood pressure, splanchnic blood flou*, injection marks, time 
marking. 


(10 HG/KG DiBENAMfNE GIVEN) ui 



Fig. 6. Cat 3.4 kg. Chloralosc-urcthane. Both adrenals removed. 
Vasonaotor responses to adrenaline, nor-adrcnalinc and stimulation of left 
splanchnic nerve under the influence of dibenamine. 

From above: Blood pressure, splanchnic blood flow, injection and stimula- 
tion marks, time markinc. 


sponses of approximately equal magnitude (fig, 5). Also when 
given by tbe intravenous route in minimal effective doses both 
substances showed constrictor action (fig. 5). Ergotamine (in fig. 
5 two mg per kg) reversed the response to adrenaline from vaso- 
constriction to a slight vasodilatation. The action of nor-adren- 
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aline was simply annulled. In fig. 6 is shown the course of events 
under the influence of dibenamine. The vasoconstriction produced 
by adrenaline changes into a vasodilatation, the vasoconstriction 
produced by nor-adrenaline is simply annulled. The figure also 
demonstrates the action of dibenamine on the vasomotor response 
to stimulation of the left splanchnic nerve. The original vasocon- 
strictor response disappears and a small vasodilator effect is re- 
vealed. 


Comments. 

Our experiments demonstrate that nor-adrenaline is the most 
potent vasoconstrictor drug so far investigated. On intraarterial 
injection, in doses that reasonably might be considered as within 
physiological limits, it constricts the muscular, cutaneous and 
splanchnic vessels of the cat. Under physiological conditions the 
substance entirely lacks vasodilator action. Our observations are 
in harmony with the conception recently presented by Euler 
{1945, 1946) that nor-adrenaline or a substance with its biological 
properties might be the adrenergic transmitter, at least in the cat. 

Folkow et al. (1948 a and b) demonstrated that choHnergic 
fibres run in the sympathetic outflow to the muscles of the cat’s 
hind limbs and to the heart of the cat and dog. These observations 
were interpreted as indicating that the sympathetic vasodilators 
to the muscles of the cat are cholinergic and the sympathetic vaso- 
dilators to the heart might be cholinergic. No sympathetic vaso- 
dilators have been shown to exist in the skin of the cat (Folkow 
and UvNAS 1948). Stimulation of the splanchnic nerves on cats 
given ergotamine or dibenamine ehcits a sHght vasodilatation. 
This dilatation is not abolished by atropine. Similar findings on 
dogs led Bulbring and Burn (1936) to assume that the vaso- 
dilators running in the splanchnic nerves were adrenergic. Hart- 
man (1915) and Clark (1944) claimed that the action of adren- 
ahne on the splanchnic vessels of the cat is exclusively constrictor. 
This is in agreement with our observations. In our experiments 
adrenaline injected from the artery constricts, never dilates the 
splanchnic vessels. This fact makes it unlikely that adrenahne is 
the transmitter at vasodilator nerve endings in the splanchnic re- 
gion. From the present and previous observations (Folkow, 
HIeger and Uvnas) we consider it unlikely that' sympathetic 
vasodilators liberating adrenaline really exist in the cat. 
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The vasodilatation observed on stimulation of the splanchnic nerves 
of the dog and cat given ergotamine is by most investigators in- 
terpreted as due to the activation of sympathetic vasodilator fibres 
(Dale 1913, Bulbring and Burn 1935 and others). Other investi- 
gators, for instance Gernandt and Zotterman (1946) are inclined 
to refer the vasodilatation to the activation of afferent fibres. In our 
view the very minute vasodilatation observed on stimulation of tbe 
splanchnic nerves might be referred simply to haemodynamic factors. 
Dibenamine and ergotamine block the action of vasoconstrictor im- 
pulses to the splanchnic region but do not interfere with the inhibitory 
action of splanchnic impulses on smooth muscles. The small transient 
vasodepressor effect observed on splanchnic stimulation could pos- 
sibly be due to a decrease of the peripheral vascular resistance occur- 
ring when the smooth muscles of the gastro-intestinal tract relax. 

If adrenaline, as we argue, is not the transmitter at adrenergic 
vasomotor nerve endings, what is the function of adrenaline re- 
leased from the adrenals? Since adrenaline in physiological con- 
centrations dilates the vessels in skeletal muscles and reduces the 
blood flow in the splanchnic and cutaneous regions, this^agent is 
admirably qualified to accentuate and enhance the redistribution 
of the blood flow from relatively inactive to active regions as 
originally suggested by Cannon. 


Summary. 

Adrenaline in low concentrations dilates, in high concentrations 
constricts the muscular vessels of the cat. 

Nor-adrenaline, adrenalone (adrenone, stryphnone), adrianol 
(neo-synephrine), suprifen, sympatol and veritol exert exclusively 
constrictor actions on muscular and cutaneous vessels. Nor- 
adrenaline is the most potent vasoconstrictor substance, the 
minimal active dose being 0.1 — 1 y for a cat. 

On the cutaneous and splanchnic vessels the action of adren- 
aline is exclusively vasoconstrictor. 

Dibenamine and ergotamine reverse the constrictor action of 
adrenaline to a dilator action on the muscular and splanchnic ves- 
sels. Under the influence of these drugs the constrictor action on 
cutaneous vessels is more or less annulled but not reversed. The 
constrictor action of nor-adrenaline on muscular, cutaneous and 
sp anchnic vessels is blocked but not reversed by these drugs. 
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The coronary vessels are richly supplied with parasympathetic 
and sympathetic nerves. According to current teaching constric- 
tor fibres run in the vagi, dilator fibres in the sympathetics, 
mainly via the stellate ganglia (Maas 1899, Wiggers 1909, 
Morawitz and Zahn 1914, Anrep and Segall 1926, Essex 
et al. 1942, Gregg and Shipley 1944). However, several in- 
vestigators claim that constrictor as well as dilator fibres occur- 
both in the vagi and the sympathetics, because stimulation of 
these nerves in some experiments elicits constriction, in others 
dilatation. Greene (1935) refers the opposed results obtained 
on nerve stimulation to the anatomical distribution of the sym- 
pathetic coronary nerves. According to Greene the sympathetic 
outflow contains constrictor as well as dilator fibres. Some of 
the sympathetic fibres run upward in the sympathetic chain in 
the neck, cross to the nodose ganglion and course downward in 
the vagi to the heart. Experimenting on the fibrillating heart of 
the dog Katz and Jochim (1939) obtained results divergent from 
all others. They claim that the vagal coronary nerves are exclu- 
sively dilators, cholinergic in character. They consider the sympa- 
thetic coronary nerves to be constrictors as well as dilators, the 
dilator fibres being adrenergic. 

Among recent investigators Eckenhopf et al. (1947) and Eol- 
Kow et al. (1948) have shown that acetylcholine given intra- 
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arterially in minute doses (0.01—10 y) dilates tlie coronary ar- 
teries. Observations by Euler (1945, 1946) and Eolkow and 
UvNAS (1948) indicate that the adrenergic transmitter lacks 
vasodilator properties. If this is so, the coronary dilators are not 
likely to be adrenergic. In our view it is more reasonable to as- 
sume tbat tbey are cbolinergic. To support tbis assumption we 
attempted to obtain evidence to show that acetylcholine is liber- 
ated on stimulating the sympathetic coronary dilator fibres. 

Experimental. 

The experiments were performed on five cats and five dogs. The 
animals were anaesthetized with chloralose, the trachea cannulated 
and both the vago-sympathetic trunks severed in the neck. In order 
to inhibit the enzymatic destruction of acetylcholine, eserine, 1 mg 
per kg, was injected slowly intravenously. To prevent the brady- 
cardia and mucous secretion elicited by eserine 0.5 mg atropine was 
given. 30 minutes later the animal was prepared for perfusion of the 
coronaries. The heart was exposed by removing the anterior part of 
the thoracic wall. Both stellate ganglia were prepared free and all 
branches severed except those directed to the heart. The aorta just 
distally to the aortic arch, the brachiocephalic artery, the left sub- 
clavian artery, the superior and inferior caval veins and the vena 
azygos were ligated. The pericardium was opened, the pulmonary 
artery ligated and cannulated proximallj to the aortic arch. Finally 
the hili of the lungs were ligated and the perfusion was started. The 
coronaries were perfused from a pressure bottle via the aorta and the 
perfusate collected from the pulmonary artery. The perfusion fluid 
was oxygenized, kept at a temperature of 37° 0 and contained eserine 
1 : 400 000. The perfusion pressure was adjusted to about 100 mm Hg. 
Under these conditions the perfusate amounted to about 75 ml per 
minute in a cat, or a small dog — weighing less than 5 kg. — When 
after a few minutes the perfusion fluid became colourless, i. e. prac- 
tically free from blood, a first control sample of 200 ml was taken. The 
stellate ganglia were then stimulated. Sherrington electrodes and 
a Thyratron stimulator were employed. 200 ml perfusion fluid was 
collected and then stimulation discontinued. Five minutes later a 
second control sample was taken and then the ganglia stimulated 
again. Throughout the experiment care was taken to keep the per- 
fusion at a constant rate, which was quite easily done since stimulation 
of the stellate ganglia only initially caused a slight increase of the 
coronary outflow. 

The collected samples were assayed for their acetylcholine activity. 
As no leeches were available in this country we resorted to the proce- 
dure described by Feldberg and Dale (1934). The samples were 
acidified to pH about 4 by adding N/10 HCl and then evaporated to- 
dryness in vacuum. After extraction of the residue with absolute 
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Fig. la. Cat. 2.8 kg. Chloralose. Depressor action of coronary perfusates 

from a cat. 

1. Acetylclioline (A.ch.) 0.1 y. 2. Stimulation O.l ml. 3. Stimulniion 
0.06 ml. 4. Stimulation O.Oi ml. 5. Stimulation 0.02 ml. 0. Axh. U.o2 y. 
7. A.cb, 0.05y. 8. A.ch. 0.1 y. 0. Control bcforestiinnlntion 0.1 ml. 
trol before stimulation 1.0 ml. 11. Control after filiniulalion 0.1 ml. 1.-. Su* 
mulation 0.1 ml. (Xote the marked potentiation of the depressor eUeet at 1*.. 
The cat showed symptoms of cacrino intoxication (see text). 13. .-Uropinr 
0.1 mg. 14. Stimulation 0.1 ml. 15. A.cli. 1 IG. A.cli. 1 
Fig. lb. Esetinized rectus muscle of frog (cscrino 1:100 000). Isiootine 

action of coronary perfusate from cat (the same samples ns in fig. 1 n). 

1. Stimulation 0.7 ml. 2. Control before stimulation 0.” ml. 3. Control 
after stimulation 0.7 ml. 4. A.ch. 1 y. 5, Stimulation 0.7 ml. (incubated 
at 37® C and pH 8.5 for 30 minutes). G. A.ch. 1 y. 

alcohol and a repeated evaporation in vacuum the dried rantcrinl 
vras dissolved in 5 ml Tyrode’s solution. The perfusion fluid ivns in 
this tvay concentrated 40 times. 

The samples trere tested for their muscarine action on tlic cat’s 
blood pressure and for their nicotine action on the cseriniKcd rcctu.s 
muscle of the frog. Before testing on the frog's rectus the fluids tvere 
diluted with water 1.4 times their volume. 
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Results. 

In all experiments a sulistance witli tlic Biological pro- 
perties of acetylcholine appeared in the coronary perfusate 
during stimulation of the stellate ganglia. On intravenous injec- 
tion this substance elicited a fall of the cat’s blood pressure. 
This depressor action was enhanced by eserino and abolished 
by small amounts of atropine. As seen in fig. 1 a and 2 a the 
active agent showed the same concentration-action curve as ace- 
tylcholine. It elicited a contraction of the cserinizod rectus muscle 
oi the frog. The samples lost their activity if alkalized to pH 8—9 
and allowed to stand at 37° C for 30 minutes. A^^ien a sample 
was tested for its muscarine and nicotine action a good qunn- 
1 a ive correspondence was obtained between the two tests. The 


424 BJQRN rOLKOW, J0EGEN frost, knut h^qer and bSbje dvnas. 

concentrations of acetylcholine corresponding to the activity of 
the different samples appears in the table. As seen, out of 20 
samples collected during stimulation only one lacked activity, 
while all the control samples were inactive, even if given in doses 
10 times higher than samples obtained during stimulation (see 
fig. 1 a and 2 a). 

Since eserine is not destroyed during the extraction processes 
it appears in high concentrations in all samples. Maximally, i. e. 
if no destruction occurs the concentration of eserine amounts to 
1 : 10.000. Especially when large volumes of the control samples 
are given the total amount of eserine injected into a cat during 
an assay will be sufficient to potentiate the action of acetylcholine. 

Figs. 1 a and 1 b show assays on the muscarine and nicotine 
action of a coronary perfusate from a cat. The figures illustrate 
all the properties of the active agent described above. 

Biscnssion. 

The fact that in the dog and cat the vagi carry constrictor 
and the sympathetics from the stellate ganglia dilator fibres 
to the coronaries, has by many investigators been taken as 
indicating that the constrictor nerves are cholinergic and the 
dilator nerves adrenergic. If this conception is correct one would 
expect acetylcholine to constrict and the adrenergic transmitter 
to dilate the coronaries. However, acetylcholine dilates the coro- 
naries of the mammalian heart. It is true that adrenaline is 
generally considered to be a potent coronary dilator, but recent 
observations indicate that this substance is not the transmitter 
at adrenergic nerve endings in the dog and cat. The adrenergic 
transmitter probably is a substance with exclusively vasoconstric- 
tor action (Euler 1945, 1946, Folkow and Uvnas 1948). In our 
view present information about the biological properties of the 
transmitter substances favour the idea that the coronary dilators 
are cholinergic and the constrictors adrenergic rather than the 
reverse. Greene (1935) brought anatomical evidence to support 
the idea that the constrictor fibres in the dog are adrenergic, 
when he showed that efferent sympathetic constrictor fibres to 
the coronaries run in the vagi of this animal. We have found that 
a substance with the biological properties of acetylcholine appears 
in the perfusate from the coronaries of the dog and cat during 
stimulation of the stellate ganglion. Since sympathetic vasodilator 
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Acetylcholine Activity of Coronary Perfusates from Dog and Cat. 


Animal 

Cat no. 1 (fig. 1 a) 


Cat no. 2 


Cat no. 3 


Cat no. 4 


Cat no. 5 


Dog no. 1 (fig. 2 a) 


Dog no. 2 


Dog no. 3 


Dog no. 4 


Dog no. 5 


C = Control. 

S = Perfusates collected 


Sample 

Concentration of acetylcholine 
corresponding to the activity 

.. Cl 

of the perfusates (y/lit.). 

0 

SI 

25 y 

C2 

0 

S2 

25 y 

.. Cl 

0 

SI 

18 y 

C2 

0 

S2 

12/ 

.. Cl 

0 

SI 

18 y 

C2 

0 

S2 

38 y 

.. Cl 

0 

SI 

25 y 

C2 

0 

S2 

0 

.. Cl 

0 

SI 

25 y 

C2 

0 

S2 

25 y 

.. Cl 

0 

SI 

25 y 

C2 

0 

S2 

25 y 

.. Cl 

0 

SI 

25 y 

C2 

0 

S2 

3y 

. Cl 

0 

SI 

25 y 

C2 

0 

S2 

3y 

. Cl 

0 

SI 

18 y 

02 

0 

S2 

30 y 

. Cl 

0 

SI 

38 y 

C2 

0 

S2 

30 y 


during stimulation of the sympathetics. 
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fibres, cholinergic in character, are widely distributed in the dog 
and cat (Bulbring and Burn 1935, Bolkow et al. 1918) we con- 
sider it reasonable to assume that the appearance of acetylcholine 
in the coronary perfusate is due to the activation of cholinergic 
dilator fibres in the sympathetic outflow to the heart. 


Sammary. 

A substance with the biological properties of acetylcholine 
appears in the coronary perfusate of the dog and cat during 
stimulation of the stellate ganglia. 
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It is a well known fact that vagal impulses stimulate the gastric 
secretion. The HCl, the peptic as well as the mucus glands are 
activated. Recent investigations on this subject have heen repor- 
ted by ViNBBBEG (1931), Bowie and Vinebeeg (1935), Toby 
(1936), UvNAS (1942), Bjoekman, NoEciiN and Uvnas (1943), 
Komaeow (1947), Staveaky (1948). Bale and Belebbeo (1934) 
found an increased amount of acetylcholine in the eserinized blood 
from the stomach of dogs during vagal stimulation. This increase 
was evidently due to the transmission of vagal impulses to the 
muscles of the stomach. Whether some part of the acetylcholine 
emanated from the activation of the secretory cells is obscure. 
However, conforming to the prevalent theory of acetylcholine 
as the parasympathetic transmitter it is per analogiam commonly 
assumed that this substance is involved in the activation of the 
gastric secretory mechanism by vagal impulses. A definite proof 
of this assumption is still lacking, all evidence being indirect, 
chiefly based on the fact that parasympathicomimetic drugs have 
been observed to evoke gastric secretion. 

The effect of acetylcholine on the gastric secretion of man and 
og h^ been studied by numerous investigators. The results 
^ry. Faeey and Beeon (1931), Wilkinson (1932), Meeklen, 
AETBE and Kababee (1932) and others investigated the effect 
0 ace y chohne on the gastric secretion of man. When 100 — ^200 mg 
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of the drug was given subcutaneously an occasional increase of 
the acidity of the gastric juice was found. Quite negative results 
were reported by Da Costa (1935). Gebhabdt and Klein (1933) 
observed an increase of the acidity only in a few cases. More 
often an augmentation of the “wasserige” secretion and always 
an increased output of chlorides was seen. On Heidenhain pouch 
dogs Necheles and co-workers (1938) observed an augmentation 
of volume, acidity and peptic activity of the gastric juice after 
repeated subcutaneous doses of 10 — 100 mg acetylcholine every 
10 minutes. Prostigmine was considered to enhance the secretory 
effect of acetylcholine. 50 y of this drug was found to increase 
the gastric secretion. G-ray and Ivy (1937) .claimed that the com- 
bined administration of acetylcholine and eserine evoked a gas- 
tric secretion in total pouch dogs. Stavraky (1943) reports simi- 
lar results on Heidenhain pouch dogs. 

ViNEBERG (1936)^ injected acetylcholine directly into the stom- 
ach arteries of dogs (through the splenic artery) and obtained a 
thick mucous fluid without any free acid but with a peptic activi- 
ty that varied' with the dose of acetylcholine given. Large doses 
gave less pepsin than small ones. Stavraky^ (1942) found under 
similar conditions that large doses of acetylcholine adnainistered 
intraarterially evoked the secretion of a thick mucous juice, 
devoid of both free acid and pepsin. He did not believe that the 
absence of pepsin was due to. its rapid inactivation in the slightly 
acid or alkaline juice. When histamine was given intraarterially, 
a juice highly, acid but poor in pepsin was obtained. If histamine 
and acetylcholine were given concomitantly the juice secreted 
was highly acid and very rich in pepsin. , It seemed as if acetyl- 
choline was able to stimulate the peptic cells only in cooperation 
with histamine (Babkin 1944). 

Hecheles and co-workers observed in their experiments that 
histamine and acetylcholine act as synergists. A slow secretion 
evoked by one of these drugs was considerably enhanced by the 
concomitant administration of the other. 

The effect of mecholyl (acetyl methyl choline) has been reported 
in many papers. Myerson and co-workers (1936) observed a 
decrease. Abbot (1933) occasionally an increase of the gastric 
acidity in man after subcutaneous injection of the drug. Eerguson 
and SinTH (1935) found an inhibition of the gastric secretion of 

^ Tho unpublished results of these investigators quoted by Babkin (1944) 
were not known to us when our experiments were started. 
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monkeys after ratter heavy doses of mectolyl. Gray and Ivy 
(1937) reported that on total pouch dogs small doses stimulated 
but large doses inhibited the HCl secretion. On Heidenhain pouch 
dogs Necheles and co-workers observed mecholyl to be a strong 
stimulant in all doses. Stavraky (1943) agrees with Gray and 
Ivy that mecholyl in small doses stimulates but in large doses 
inhibits the gastric secretion. The gastric juice obtained by 
Stavraky was of high peptic activity. Most investigators cited 
above are of the opinion that mecholyl stimulates the mucous 
cells. Trom the results on dogs it can be concluded that mecholyl 
given in appropriate doses stimulates all the main secretory cells 
of the stomach. 

Another stable choline ester subjected to investigation is carb- 
aminoylcholine chloride (doryl, lentin). Noll (1932) reported 
a copious gastric secretion on fistula dogs after the subcutaneous 
injection of this drug. Goodman (1938) considers it to be the most 
potent secretory agent among the parasympathetic drugs. The 
secretion observed by him on dogs with isolated pouches was 
highly acid and rich in pepsin. 

Pilocarpine is a potent gastric secretory stimulant on dogs. 
Both the HCl, pepsin and mucus cells are activated (Toby 1936, 
ViNEBERG and Babkin 1931). The gastric cells of the cat seem to 
differ from those of the dog in regard to the response to pilo- 
carpine. None or only a very scanty secretion could be evoked 
(Bolton and Goodhardt 1931). 

The reports on the effect of parasympathetic drugs on the 
gastric secretion of the cat are surprisingly scarce. We performed 
some experiments to investigate the effect of atropine, acetyl- 
choline, eserine and di-isopropyl-fluorophosphate on the gastric 
secretion of that animal. 


Experimental. 

Cats under • chloralose-urethane anaesthesia were used (50 mg 
cmoralose and 500 mg urethane per kg body weight). The trachea 
was cannulated and to avoid cerebral influences on the gastric cells, 
m most experiments the vagi were cut in the neck. To obtain pure 
gas ric jmce the oesophagus and the duodenum just distal to the 
bgated. The gastric juice was collected in 15-minute 
^QaA^ ^ cannula inserted into the stomach wall (Gvnas 

f animals were left to recover for one hour before the be- 
ginning of an experiment 
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An alternating electric current of about 40 cycles per second -was 
used for stimulation of the vagi. The vagi were alternately stimulated 
for short periods, using a metronome with about one stroke per sec- 
ond in the circuit. 

The acidity was determined by colorimetric titration, N/lO NaOH 
being used as the base. The peptic activity of the juice was deter- 
mined by the modification of the Anson and Mrsky method de- 
scribed by Uvnas (X945). 


Eesults. 

Atropine. As expected atropine inhibited the gastric secretion 
induced by vagal stimulation. It was regularly seen that 0,6 — l.o 
mg per kg body weight almost stopped the secretion induced by 
vagal stimulation. A small secretion remained that could not be 
entirely abolished until doses that were highly toxic were used. 

Acetylcholine. The negative results reported after subcutaneous 
administration of acetylcholine are not surprising. Due to the 
rapid enzymatic destruction of the drug in the tissues and the 
blood, most if not all of it must be destroyed before it reaches the 
gastric cells. In order to diminish the uncertainty of the dosage 
we gave acetylcholine by the intravenous route. Aunounts from 
0.01 to 1,000 y per kg body weight and minute were given. No 
stimulation of the HCl glands was observed. On the contrary 
the initial basal acid secretion was depressed and the reaction to 
Congo of the scanty secretion turned from positive to negative, 
indicating the disappearance of the free HCl. With the heavy 
dose of 1,000 y a slight increase of the mucous secretion occurred. 
As the absence of any stimulating effect on the HCl secretion 
might be due to the rapid destruction of acetylchoh'ne on its way 
to the secreting cells the drug was in several experiments given 
by the intraarterial route. Continuous infusions were made into 
the distally ligated splenic artery. The results were still negative. 
Doses from 10—200 y per kg body weight and minute changed 
the reaction of the juice to Congo negative. With large doses the 
secretion of a thick mucous juice was observed. The absence of 
HCl secretion was not due to any inability of the parietal glands 
to secrete. As seen from fig. 1 after two hours of intraarterial 
injection of acetylcholine the HCl cells responded to vagal stim- 
ulation with a copious secretion of HCL 

Eserine. As the inability of acetylcholine to stimulate the 
HCl cells could still be due to an enzymatic destruction of the 
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Fig. 1. Cat 3 kg. Gastric secretion during vagal stimulation before and 
after continuous intraarterial injection of acetylcholine in doses from 
10 — 100 / per kg body weight and minute. 


substance, experiments were performed on eserinized animals. 
It was then observed that eserine itself, if given intramuscularly 
or subcutaneously in adequate doses, evoked a copious gastric 
secretion. About 1 mg per kg body weight was the threshold dose. 
The juice obtained was of high acidity and rich in pepsin. An 
experiment is shown in fig. 2 where 5 mg eserine was given sub- 
cutaneously. The secretion usually started in 15 — 30 minutes, 
reached a peak about an hour later and then gradually declined 
in 1 — 2 — 3 hours. The free acidity during the peak of the secretion 
was usually over 150 m. eq. per litre and the peptic activity was 
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considerable. The effect of eserine on tbe peptic secretion ^-as 
further studied in experiments where the secretion of a pepsin 
free juice was obtained by continuous intravenous injection of 
histamine (Bjoekman, Norden and Uvnas). A pronounced out- 
put of pepsin occurred. The peptic secretion began to rise about 



histamine. The arrow indicates eserine 1 mg intramuscularly per kg body 

weight. 


30 minutes after the administration of eserine, reached a peak 
30 — 60 minutes later, and then graduallj'- declined. The effect of 
1 mg eserine per kg body weight is seen in fig. 3. 

The secretory effect of eserine remained after bilateral vago- 
tomy and splanchnicotomy. It was completely abolished by 1 mg 
atropine per kg body weight intravenously or intramuscularly. 

Acetylcholine and eserine. Eserine was given in subthreshold 
doses, followed by acetylcholine. Neither by the intravenous nor 
by the intraarterial route could any secretion of an acid juice 
be evoked. The reaction of the juice always turned negative to 
Congo, and the secretion of a thick mucous juice appeared as the 
doses of acetylcholine were increased. In numerous experiments 
doses from O.OOl y per kg body weight up to doses that caused 
respiratory disturbances were given. In some experiments acetyl- 
choline was injected after the secretion induced by eserine had 
passed its peak. No significant increase of the HCl secretion was 
seen (fig. 2). 
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In other experiments we investigated the effect of acetyl- 
chLe on the peptic secretion. A gastric ''“f™ 
by continuous intravenous mjeefon of histanmic 
bLme pepsin free acetylcholine was concomitantly gncn.EM>er 

taente IL made on eserinized as well as on non esernuzed am- 


tn 



Fig. 4. Cat 3.1 kg. The secretion of pepsin in an eserinized cal rinder intr.i- 
venous injection of acetylcholine. Histamine concomitantly given hIowIv 

intravenously. 


mals. In a few experiments a small increase of the peptic activity 
was seen in eserinized cats. {Fig. 4.) 

In a few experiments (5) we investigated the secretorj' effect 
of doryl. Doses were tried from 0.001 y per kg bod}' weight to 
toxic amounts. No significant HCI or peptic .secretion wa.s ob- 
served. 

Di-iso'pro'pyl-flmrophospliate. Di-isopropyl-fluoropliosphntc 
(DFP) causes in vitro and in vivo a pronounced inhibition of the 
enzymatic destruction of acetylcholine. Its parasympathetic 
effects are considered to be due to the accumulation of acetyl- 
choline in the tissues caused by this inhibition. hloDELL ct ul. 
(1946) studied the effect of DFP on cats. After the administration 
of 0.5—2 mg DFP intravenously, amounts which strongly inhibit 
the enzymatic destruction of acetylclioline, among other effects 
they observed a copious salivary secretion and an increased gastro- 
intestinal motility. In our experiments DFP was given intra- 
muscularly. 2-— 5 mg per kg evoked a copious secretion of an 
acid gastric juice. Fig. 5 shows this secretory response to DFP. 
As seen it is very similar to that after eserine. The secretory effect 
was completely abolished by atropine 1 mg per kg body weight. 
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Fig. 5. Cat 3 kg. Secretory response to di-isopropyl-fluorophosphate 

5 ing/kg i. m. 


Discussion. 

Atropine lias been shown to inhibit the HCl secretion induced 
by vagal stimulation, although the doses necessary to com- 
pletely block the secretory response are rather high. Eserine 
stimulates the HCl as well as the peptic cells. The point of attack 
is peripheral as the secretory effect remains after vagotomy and 
splanchnicotomy. It is abolished by atropine. As the doses of 
eserine given probably were adequate to cause a considerable 
inhibition of the enzymatic destruction of acetylcholine it is 
likely that the secretory effect in part at least is due to the ac- 
cumulation of acetylcholine in the gastric mucosa. This assump- 
tion is strengthened by the fact that DFP, the parasympathetic 
effects of which are attributed to its inhibitory action on choHne 
esterase, in doses adequate to be considerably inhibitory evokes 
a copious gastric secretion. This secretion is abolished by atropine. 

The experimental evidence presented in this paper favours the 
view that acetylcholine is involved in the mediation of vagal 
secretory impulses to the gastric cells. IVhy is it then impossible 
to evoke any HCl secretion by the intravenous or intraarterial 
administration of acetylcholine? In our experiments acetyl- 
choline was given to eserinized, and non eserinized animals in such 
a wide range of doses that in some experiments at least, acetyl- 
choline, if a secretory stimulant, would have been expected to 
reach the parietal cells in a concentration adequate to activate the 
secretory mechanism. 

Experimental evidence indicates that the mechanism of HCl 
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secretion is a complicated one. Babkin lias in seveial papoxs 
brouglit forward the idea that histamine in one way or another 
is involved in the activation of the HCl cells in the cephalic pha^ 
of the gastric secretion. MacIntosh (1938) found histamine in 
the gastric juice obtained after sham feeding, electrical stimulation 
of the vagi and subcutaneous injection of histanoine. Emmelen 
and Kahlson (1944) showed the existence of active histamine in 
the gastric juice secreted in response to electrical stimulation of 
the vagi, sham feeding, a meal, gastrin and histamine. They con- 
sider their results fa vour the view that histamine acts as a humoral 
transmitter (possibly local) whenever an HCl secretion is evoked. 
Nechblbs and co-workers reported that actylcholine and his- 
tamine act as synergists. Uvnas (1942) observed in acute experi- 
ments on cats that the secretory response to electrical vagal 
stimulation disappeared or was markedly depressed when the 
pyloric mucosa was anaesthetized with cocaine or otherwise func- 
tionally disconnected. The secretory response to gastrin was, under 
similar conditions, found to be abolished or markedly diminished. 
However, during concomitant vagal stimulation and administra- 
tion of gastrin a copious gastric secretion was observed. 

The experimental facts cited above indicate that the secretion 
of HCl can be enhanced by the concomitant action of different 
secretory influences. The failure to evoke any HCl secretion by 
the administration of acetylcholine might be due to the fact that 
this substance either does not penetrate into the secretory cells 
or that it is only able to activate these cells in combination with 
other secretory agents. The combined action of two or several 
humoral transmitters might be necessary to activate the secre- 
tory mechanism (Babkin 1944). 

The slight increase of the pepsin secretion observed under the 
concomitant administration of acetylcholine and histamine indi- 
cates that acetylcholine is involved in the activation of the pepsin 
secretory mechanism. The part played by histamine in this pro- 
cess is obscure. The neutral or slightly alcaline mucous juice 
obtained after acetylcholine is pepsin free. We agree with Stav- 
RAKY that the lack of enzymatic activity probably is not due to- 
t e rapid inactivation of secreted pepsin. In our experiments the 
CO ected mucous juice was immediately acidified to prevent such. 

^ 1 pepsin appears in the gastric juice 

^ ^ istamine is concurrently given does not however neces- 
a e e assumption that histamine is involved in the intimate 
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secretory process of pepsin. As pointed out by Babkin the ana- 
tomical arrangement of the gastric glands favour a stagnation of 
the mucous secretion from the peptic glands in the glandular 
tubules. The effect of histamine might simply be to produce a 
watery HCl secretion, that washes out the formed pepsin. 


Summary. 

In chloralozed cats: 

Atropine inhibits the gastric secretion evoked by electrical 
stimulation of the vagi. 

Eserine stimulates the HCl as well as the peptic cells. 

DFP stimulates HCl secretion. 

Acetylcholine given intravenously or intraarterially in eseri- 
nized as well as non eserinized animals does not induce any HCl 
secretion. It stimulates only the peptic and the mucous glands. 
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Is the Secretion of Pepsin Hormonally 
Controlled? 

By 
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It is an established fact that vagal impulses activate the pepsin 
glands. In addition old observations by members of the Pavlov 
group indicate that the pyloric region plays a part in the regula- 
tion of the peptic output in the stomach. Zeljony and Savich 
(1914) and Savich (1922) claimed that mechanical and chemical 
stimulation of the isolated pyloric pouch of a dog increased 
the concentration of pepsin in the juice secreted by the glands of 
the corpus and the fimdus. 

Peatt (1940) reported that the intravenous injection of secre- 
tin on chloralosed cats produced peptic activity in the pepsin 
free gastric juice obtained by subcutaneous injection of 1 mg 
histamine. Peatt does not announce the degree of purification 
of his secretin preparations but reports that identical results 
were obtained with a commercial product prepared according to 
Ageen (possibly pancreotest Astra, Sweden). As gall salts instilled 
into the duodenum were also observed to augment the pepsin 
concentration Peatt concludes that the secretin molecule stim- 
ulates the peptic cells. Later in similar experiments on cats 
Babkin and Komaeov (1944) showed that an increase of the pep- 
sin output occurred only if impure secretin preparations were 
used. The so called SI material prepared according to Geeengaed 
and Ivy (1938) lost its pepsigogue effect on purification. Crystal- 
lized secretin was devoid of any pepsigogue action. 

Geossman et al. (1944) studied the pepsin content of gastric 
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juice “secreted in response to hormonal stimulation”. Vago- 
tomized total stomach pouches on dogs were perfused with hista- 
mine free liver extracts. A gastric secretion of low peptic activity 
was observed in the subcutaneously transplanted pouches of 
these dogs. The peptic output was of the same low order as that 
observed after subcutaneous doses of histamine. The authors con- 
clude that as regards pepsin histamine could be the humoral 
agent responsible for the type of secretion obtained. This opinion 
is in accordance with that of the Ivy group, as presented in the 
paper of Bucher, Ivy and Gray (1941). These authors consider 
histamine as a pepsin stimulating agent on dogs. The evidence 
presented by Babkin and collaborators (Bowie and Vinberg 
(1935) and others) as well as from this laboratory by Bjorkman 
et al. (1943) indicates that histamine has no pepsigogue effect on 
cats or dogs. 

Supporting evidence for the existence of a hormonal control 
of the secretion of pepsin was obtained by Friedman et al. (1944). 
They observed on Pavlov pouch dogs, secreting in response to- 
insulin or food, that instillation of HCl into the small intestine 
increased the pepsin content of the gastric juice. 

Substances stimulating the enzyme secretion of the digestive 
glands have been isolated in several laboratories. Harper et al. 
(1943, 1945, 1947) have obtained from the duodenal mucosa an 
agent, pancreozymine, that increases the enzymatic output of 
the pancreas on cats. Greengard and Ivy (1945) working on 
dogs confirmed the existence of pancreozymine and separated 
it from secretin (Greengard 1947). Nasset and his group iso- 
lated from the intestinal mucosa of dogs and pigs another sub- 
stance, enterocrinin, that according to Fink (1941) with a dose 
of 36 y evokes an accurately measurable secretory response of the 
small intestinal mucosa. The volume as well as the enzymatic 
output is augmented. 

Harper as well as Nasset, when presenting their papers at the 
International Physiological Congress in Oxford this year empha- 
sized their opinions that the enzyme secretion of the pancreas 
and the glands of the small intestine is hormonally controlled, 

pancreozymine and enterocrinin being the respective hormonal 
agents. 

In a previous paper Uvnas (1945) reported that some of his 
extracts from the pyloric mucosa in addition to their stimulating 
effect on the HCl secretion evoked a slight increase of the peptic 
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output. These observations have been confirmed and extended 
in later experiments. Owing to the increased interest in hormonal 
mechanisms regulating the enzyme production of the digestive 
glands it seemed justifiable to publish the results although the 
experiments are not yet complete. 


A. Experiments nitli Pyloric and Duodenal Extracts. 

_ The experiments were performed on vagotomized cats under com- 
bined chloralose-urethane anaesthesia (50 mg chloralose, 500 mg 
urethane per kg). A pepsin free gastric secretion was induced and 
maintained by slow intravenous injection of histamine. The gastric 
juice was collected from a cannula inserted into the stoinach and 
pushed out through a stab wound in the abdominal wall. The acidity 
of the juice was determined by titration with N/10 NaOH; phenol- 
phtalein was used as indicator. The peptic activity was measured by 
the method of Anson and Mirsky (1936), slightly modified. Extracts 
from the, pyloric and duodenal mucosa of cats, dogs and pigs were 
prepared according to Munch-Petersen et al. (1944) and Uvnas 
(1945) and injected intaveuously. 


Results. 

Earlier observations were confirmed that impure preparations 
obtained from HCl extracts of the pyloric mucosa by precipitation 
with sodium chloride, tannic acid and especially trichloracetic 
acid induced a slight increase of the peptic activity concurrently 
with their stimulating effect on the HCl secretion. The acidity 
of the gastric juice obtained amounted to about 150 — ^160 mill, 
eq./l. Washing the active material with 80 % ethyl alcohol 
(Munch-Petersen et al.) or isoelectrical precipitation (XJtoas), 
both processes that augment the secretagogue effect of the ma- 
terial on the HCl glands, diminished the pepsigogue properties. 
Fig. 1 a and b show the increase of the pepsin concentration after 
the injection of three different extracts prepared by different 
methods. The materials were given in doses approx, equal in 
their power to stimulate the HCl glands. Ho correspondence w'as 
observed between the secretory response of the HCl and the pep- 
sin glands to the different extracts. 

Impure preparations of duodenal mucosa from dogs and pigs 
w'ere observed to evoke a slight increase of the peptic activity, 
as did the commercial Swedish secretin product Pancreotest 



IS THE SECRETION OF 


pepsin hormonally controlled. 44:1 



Fig. 1 a. Cat. 3.9 kg. Chloralosc-uretbanc. Volume of tlic HCl secretion 
•evoked by three different pyloric preparations. Prep. no. 177 ai (from cat) 
precipitated by trichloracetic acid (Munch-Petersek et al, 1944) Prep. no. 
160 an (from pig) prepared by the tannic acid method (Mui^C3I*Peteiisek 
ct al. 1944), Prep. no. 161 bn (from pig) prepared by the trichloracetic acid 
method (Mukcr-Petersek et al. 1944). 



J.'E* ^ Cat 3.4 kg. Chloralose-urethanc. Peptic output evoked by three 
^ preparations (the same as in fig, 1 a). A basal secretion of 

was initiated and maintained by intravenous administration of histamine. 
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(Astra). No experiments were performed with crystalline secretin 
preparations. 

A circumstance rendering the investigation of the pepsigogue 
properties of the extracts difficult was the fact that the animals 
varied considerably in their pepsin response. The reason for this 
variation is obscure but as we obtained our cats from different 
sources the irregularities may have a dietary basis. It was reported 
from Babkin’s laboratory that on dogs the pepsin secretion 
varied with the diet. (Campbell 1934, MacIntosh and Kreugeb 
1938.) 


B. Attempts to Elicit Pepsin Secretion by Stimulating 
the Pyloric and the Duodenal Mucosa. 

As the pepsigogue effect of pyloric and duodenal extracts in- 
dicated the possible existence of a hormonal mechanism playing 
a part in the regulation of the pepsin secretion a series of experi- 
ments were made on cats and dogs to evoke a pepsin secretion by 
the stimulation of the duodenal and pyloric mucosa. 


Experiments on cats. 

We were unable to verify Pratts report that gall salts in the 
duodenum stimulate the pepsin secretion. The sodium salts of 
taurochohc as well as glychocholic acid were instilled into the 
duodenum of anaesthetized cats but no pepsigogue effect was 
observed. 

Experiments on dogs. 

On dogs with a gastric and a duodenal fistula we investigated the 
effect of mechanical stimulation of the pyloric mucosa on the pepsin 
secretion. A rubber balloon was inserted through the duodenal can- 
nula and placed in the pyloric part of the stomach. When inflated 
with air the balloon distended the pyloric region and at the same 
time obstructed the passage from the stomach to the duodenum. This 
procedure elicited in some dogs a profuse secretion of a gastric juice 
that was highly acid but rather poor in pepsin. To decide whether 
the peptic activity of the juice was due to an activation of the pepsin 
glands or only secondary to a "washing out” of preformed pepsin 
by the HCl secretion, the gastric glands were in other experiments 
activated by repeated subcutaneous doses of histamine. When the 
peptic activity of the juice was expected to be practically lost the 
rubber balloon was placed in the duodenum and inflated. 
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Fig. 2. Dog IG kg, with one gastric and one duodenal fistula. The peptio 
(and HCl) output elicited by meohanioal stimulation (distension) of the 
pyloric region. A basal pepsin free gastric secretion was maintained by 
repeated subcutaneous doses of histamine. 

Fig. 2 illustates one of these experiments. An initial dose of 
0.6 mg histamine was given subcutaneously and followed by 
0.26 mg every 16 minutes. The pepsin output that before the 
stimulation of the pyloric mucosa is very low, increases con- 
siderably when the balloon is inserted and inflated. It rapidly 
declines when the balloon is removed. The HCl secretion is mar- 
kedly increased during the same period. It seems reasonable to 
refer the secretory response of the pepsin as well as the HCl glands 
to the mechanical stimulation of the pyloric mucosa. 

Discussion. 

The occurrence of a pepsigogue factor in extracts from the pylo- 
ric and duodenal mucosa is a very interesting fact as from these 
mucosal regions other secretagogue principles have been obtained 
believed to be identical with physiologically occurring hormones 
such as gastrin, secretin, pancreozymine and enterogastrone. The 
new pyloric principle is not identical with gastrin, as this sub- 
stance selectively stimulates the HCl glands (Komarov 1942, 
UvNAS 1946, Harper 1947). The pepsigogue factor in duodenal 
extracts is not identical with secretin as shown by Babkin and 
Komarov (1944) and Bucher and Greengard (1942). The pepsin 
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stimulating effect cannot be ascribed to histamine as this sub- 
stance does not occur in the secretin preparations used by Baskin' 
and Komarov or the gastrin preparations used (Uvnas). No 
attempts have been made in the present study to investigate the 
chemical properties of the pepsigogue principle but to judge from 
the chemical behavior of the agent it seems to be of a structure, 
related to the other secretagogue principles isolated from the 
pyloric and duodenal mucosa. To judge from the findings of 
Babkin and Komarov the pepsigogue principles from the pyloric 
and duodenal mucosa could be identical. 

Mechanical stimulation of the stomach mucosa is reported by 
several investigators to activate the gastric glands. Lately Gross- 
man (1947) has shown that this activation is mediated by a 
hormonal mechanism. He observed gastric secretion from a 
subcutaneously transplanted pouch stomach when the main 
stomach was distended by a balloon. To judge from older observa- 
tions by Zeljony and Savich (1914), Savich (1922), Chang and 
Lim (1931) and others the region chiefly responsible for the secre- 
tion elicited by mechanical stimulation is the pyloric mucosa. 
In our experiments the mechanical irritation has been exerted on 
the pyloric mucosa even if it probably has not been entirely con- 
fined to this region. No definite conclusion can be drawn concern- 
ing the intimate mechanism involved in the activation of the pep- 
tic glands in these experiments. It cannot possibly be due to the 
absorption of a secretagogue agent. Theoretically it is possible 
that mechanical stimulation may stimulate "mucosal receptors”^ 
and the peptic cells be activated by impulses transmitted over 
some reflex arcs. Such nervous structures are not known to exist 
however. Against the background of our present knowledge of 
the different hormonal mechanisms regulating the activity of the 
digestive glands, and the recent findings of Grossman and Ivy 
mentioned above, it seems most logical to assume that the pepsin 
secretion elicited by mechanical stimulation of the pyloric mucosa 
is mediated by a hormonal mechanism. 

The observations that a pepsigogue principle can be obtained 
from pyloric extracts and that the pepsin glands can be activated 
by mechanical stimulation of the pyloric region together with 
the fact that the enzymatic secretion from other digestive glands 
is supposed to be hormonally controlled make it reasonable to 
assume that the pepsigogue pyloric principle is a physiologically 
occurring secretagogue. 
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Summary. 

A pepsigogue principle is observed in extracts from tbe pyloric 
and duodenal mucosa of cats, dogs and pigs. 

The peptic cells are activated by mechanical stimulation of 
the pyloric mucosa. 
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INTRODUCTION. 


In spite of the numerous histological investigations carried 
out on cross striated muscular tissue conflicting views still 
prevail on many points — even as regards the mere descrip- 
tion of the microscopical image of the cross striated muscle 
fibres at rest. 

The reason for the conflicting observations should in the 
first instance be sought in the complicated structure of the 
muscle fibres. The diffraction of the muscle fibres may cause 
erroneous optical images, and some of their structural ele- 
ments are just microscopically discernible — a .fact which 
may give rise to differing interpretations. Fixing may produce 
rather pronounced alterations in the structure of the muscle 
fibres for which reason fixed preparations should not be used 
for histological investigations except with suitable reserva- 
tions. 

Several authors have emphasized these sources of error 
(i. a. Engelmann, 1873, Hurthle, 1909 and Buchthal, Knappeis 
& Lindhard, 1936), but the great majority has paid no regard 
to the warnings — exclusively using fixed material for inve- 
stigations on the structure of muscle tissue — they have even 
described the structural changes during contraction on the 
basis of fixed material. 

Investigations of fixed preparations should not, however, 
be completely rejected, as it is impossible or, at any rate, diffi- 
cult to recognize some of the structural elements, as e. g. the 
nuclei, in living muscle fibres, while they are clearly seen in 
fixed, stained preparations. 

There are other methods than the purely microscopical 
examination available for the analysis of the structure of 
muscle fibres; the following may be mentioned; investigations 
on the optical properties of the muscle fibres, especially their 
function as a diffraction grating, investigations on birefrin- 
gence, roentgen-spectroscopical investigations, investigations 
on the mechanical and thermo-elastic properties of the muscle 
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fibres and finally electro-physiological investigations; but 
also in these fields it holds that living, isolated fibres should 
be used and not fixed preparations of whole muscles. 

From the Laboratory for the Theory of Gymnastics, Uni- 
versity of Copenhagen, a series of investigations on the struc- 
ture and function of muscle have been issued in which allow- 
ance has been made for the above mentioned sources of error 
and in which the experiments have been performed on living 
isolated muscle fibres of frogs under well-defined experi- 
mental conditions. The present work should be regarded as 
an integral part of this series, the author having attempted 
to perform a similar analysis of cross striated muscles from 
mammals, especially in order to correlate structure and func- 
tion and to ascertain the extent of consistency between 
striated muscle fibres from frogs and mammals; in other 
words to investigate whether the principles which apply to 
the structure and function of muscle fibres from frogs also 
hold with regard to mammalian muscle fibres. 

The investigation will thus ‘comprise: an introductory 
summary of the literature on the topic, dealing preferably 
with investigations performed on living non-fixed prepara- 
tions; a short description of the alterations which may be 
produced by fixing and staining the muscle fibres; selection 
of suitable experimental material; elaboration of a convenient 
technique for isolating living mammalian muscle fibres and 
for securing the survival of the latter; histological examina- 
tion of the preparations thus made, by direct microscopical 
observation and by means of microphotography. The height 
of the muscle compartment and that of the isotropic and 
anisotropic layer has been measured on the microphotographs, 
and the muscle fibres have been examined at various degrees 
of stretch both at rest and during contraction; examinations 
of various muscles of the guinea pig and orientating examina- 
tions of muscle fibres from other mammals: rabbit, cat and 
goat have been performed. The structural changes during con- 
traction have furthermore been recorded as a function of time. 
The birefringence of the muscle fibres have been measured 
and the mechanical properties of the muscle fibres have been 
studied to illustrate the minute structure and its function. In 
order to facilitate comparison the experimental material has, 
as far as possible, been treated in the same manner as in the 
experiments on muscle fibres of the frog. 



CHAPTER I. 


PREVIOUS INVESTIGATIONS. 

This chapter -will deal -with previous investigations of the 
structure of muscle tissue. It is in this paper the intention 
only to mention investigations carried out on living muscle 
fibres and especially those in which the structure is correlated 
to the function. 

A short summary of the structure of the muscle tissue is 
given as an introduction in order to establish the nomen- 
clature employed. In the following sections the individual 
structural elements will be discussed and so will — for prac- 
tical reasons — the author’s own observations of living mam- 
malian muscle fibres. A fairly thorough summary is given of 
previous investigations on the variations of the cross striation 
during contraction, and special emphasis is also laid on in- 
vestigations which elucidate the minute structure of muscle 
tissue. Finally the chemical and physical changes which may 
be caused by fixing are discussed — the discussion being 
illustrated by own experiments — in order to substantiate 
why only living muscle fibres have been used in the present 
investigation. 


A. Summary of the Structure of Muscle Tissue. 

Muscles are made up of muscle fibres and connective 
tissue. The muscle fibre is the histological unit of the muscle. 
For defining the length of a muscle fibre the equilibrium 
length is used, i. e. the length at which the tension of the 
muscle fibre is zero, but at which a tension is set up by even 
the smallest elongation. The elongation of the fibre is expres- 
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sed as a function of the equilibrium length which is put = 100 
( equiHbrfumtngth I™)' 

The muscle fibre is enclosed by an elastic sheath, sarco- 
lemma, which consists of a fine collagenous network of fibrils 
embedded in a homogeneous substance. 

The contractility of the muscles is caused by longitudinal 
structural elements of the muscle fibre — the myofibrils — 
which consist of alternate isotropic and anisotropic layers, 
identical layers in the various myofibrils being held at the 
same level throughout the fibre, a fact which accounts for 
the cross striated appearance of the fibre. 

The birefringent layer is known as A C= anisotropic sub- 
stance, Q = Querscheibe, sarcous substance, disque trans- 
versale, disque epais ou sombre) while the monorefringent 
layer is known as I ( = isotropic substance, hyaline substance, 
disque claire). In ordinary light the isotropic layer appears 
light, the anisotropic dark, but if the muscle fibres are ex- 
amined in polarized light between crossed nicols the opposite 
is the case. In stained preparations the A-layer is usually 
stained most intensely. 

In the middle of the I-layer there is a fine transverse 
structural element Z ( = Zwischenscheibe, Krause’s mem- 
brane, Lealand’s stripe, Dobie’s line, telophragma, disque 
mince, strie d’ Amici) which is connected vith sarcolemma 
and •which is assumed to keep the myofibrils in place. 

The segments between two Z-membranes are collectively 
known as a muscle compartment (sarcomere). 

It is doubtful whether the following terms denote actual 
structural elements: Qjj { — Hensen’s or Dobie’s stripe) which 
is seen as a lighter band in the middle of the A-substance, M 
(= Mittelscheibe, mesophragma, Mittelmembran {Heiden- 
hain)), which is seen as a fine, dark, transverse line in Qh. 
and, finally, N. (= Nebenscheiben) which appear as narrow, 
dark cross stripes on both sides of Z at a slight distance from 
the latter. 

Between the longitudinal structural elements of the muscle 
fibre there is a liquid substance, the sarcoplasm, which besides 
salts and colloid particles contains the pigment of the muscle, 
the myoglobin. 

Finally the muscle fibre contains numerous nuclei which 
in mammalian muscles are situated below the sarcolemma. 
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while in the muscles of frogs they are also found in the in- 
terior of the muscle fibres. 

In the muscle the individual fibre is encased in a fine 
network of connective tissue, the endomysium. By connective 
tissue, known as the perimysium internum, the fibres are 
arranged in primary bundles, the fascicles, which are in turn 
held together in larger bundles by coarser connective sheaths 
while the whole muscle is surrounded by a layer of connective 
tissue, the perimysium externum, or muscle fascia, of varying 
thickness. 

A motor unit denotes a motor nerve cell and the 50 — 300 
muscle fibres which it innervates. 


B. The Macroscopic and Microscopic Structure 
of Muscle Tissue. 

The Shape and Size of the Muscle Fibres. 

Shape. 

Muscle fibres may extend from the origin of a muscle to 
the insertion and in that case they have blunt or conical 
endings {Bardeen, 1903), while muscle fibres with fi’ee, intra- 
fascicular ends (RoUett, 1856) taper towards the ends, the 
fibres being fusiform (Herzig, 1858, Weber, 1851), lanciform 
or whipshaped {Lindhard, 1926, p. 200 — 203). Ramified muscle 
fibres with free endings have been observed — in the mem- 
brana basohyoidea of the frog {Fischel & Kahn, 1928, Naga- 
mitu, 1932). 

It is to a certain extent illusory to speak of the shape of 
the cross section of a muscle fibre as the fibres are rather 
plastic. In vivo the cross section of the muscle fibre is circular, 
perhaps slightly flattened on account of mutual pressure. By 
measuring the diameters of isolated, freely suspended muscle 
fibres from m. seniitendinosus of the frog in two planes at 
right angles to each other it was possible for Buchthal & 
Knappeis (1946) to show that the cross section of the fibre 
is usually somewhat oval even under these conditions when 
the fibres are not exposed to external mechanical stresses. 
Only 17 per cent of the 105 preparations measured by the 
above mentioned method had a circular cross section, in 36 
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per cent there was a difference of up to 10 per cent between 
the two diameters, while only in 13 per cent the difference 
between the diameters exceeded 40 per cent. 


Size. 

As the area of the cross section is not the same throughout 
the whole length of the fibre the thickness of the fibre should 
not be determined on the basis of- only one cross section. This 
source of error is e. g. met with in pathology when muscle 
biopsy is employed for diagnosing certain types of atrophy 
(Schimert, 1934; Wohlfart, 1935). 

In m. gastrocnemius of Rana temporaria, but not of Rana 
esculenta Lindhard (1926, p. 127) found muscle fibres of two 
different thicknesses with an average diameter of 96 /i and 44.5 
H respectively, and the fibres were arranged in pairs consisting 
of a thick and a thin fibre. In man the primary muscle fibre 
bundles contain, according to Wohlfart (1935), fibres of 2 — 3 
different sizes, and he assumed that fibres of the same size are 
innervated by the same motor nerve cell, i. e, belong to the 
same motor unit. In a more comprehensive investigation 
(1937) Wohlfart has tried to show that in man and various 
mammals each primary bundle of muscle fibres contains 1 — 2 
special fibres, called b-fibres, which are larger than all other 
fibres (a-fibres), and which presumably have an unknown, 
specific function. Such fibres may be observed particularly 
clearly in certain muscles, e. g. the external muscles of the 
eye, while in other muscles they can only be seen in embryos 
and in newborn individuals and in case of muscle atrophy, 
e. g. senile atrophy. 

In the same individual the thickness of the fibres in the 
various muscles is to a certain extent the same; Voss (1934 
— 37) thought it possible to show that the finer the movements 
a muscle is able to perform the smaller the cross section of 
the fibres. The muscles fibres of the external muscles of the 
eye are particularly fine, while coarse fibres are found e. g. in 
the long dorsal muscles and in the mm. glutei {Maijeda, 1890). 
Within the various animal classes the thickness of the fibres 
varies {Maijeda, 1890) ; fishes and amphibians have the thick- 
est and most varying fibres while mammals and e.specially 
birds have thinner and more uniform fibres. 

In man the thickness of the jnuscle fibres is staled to 
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The Cross Striation of the Muscle Fibres. 

In the middle of the last century Bowmann (1840) decribed 
how muscle fibres may be split both longitudinally in fibril- 
fascicles and transversely in discs, resulting in what he called 
»sarcous elements«; Lealand (1848) and later on Amici (1859) 
and Krause (1868) described the Z-membranes; Dobie (1849) 
and Hensen (1868) described Qh, and Briicke (1858) observed 
the anisotropy of the A-Iayers, F/d^el (1872) described N. 

According to Engelmann (1873) the cross striation of the 
muscle fibres is very complicated, consisting of A-, I-, Z-, N-, 
Qh- and M-cross striae, while i.a. Krause (1873) was of the 
opinion that in vivo the muscle fibres only exhibit A-, I- and 
Z-cross striae, and Hurthle (1909) has even denied the in 
vivo existence of Z. The discussion about the cross striation 
of muscle fibres has been continued since then. In the follow- 
ing only the most important observations are to be mentioned, 
while further reference may be made to summaries by Heiden- 
hain (1911), Hdggquist (1931), Jordan (1933), W. J. Schmidt 
(1937) and Buchthal & Lindhard (1939). 


A and 7. 

It is generally agreed that there are actual A- and I-cross 
striae of the muscle fibres, this has also been found by exami- 
nation of living muscle fibres (figs, 1 — 2). It is likewise gen- 
erally acknowledged that the A- and I-cross striae are due to 
periodical differences in the refraction of the fibrillar struc- 
ture; this has i.a. been shown by electron microscopical exa- 
minations of myofibrils (Hall et ah, 1946). 

In his model of the minute structure of the myofibrils 
Hurthle (1931, b) explains the difference between the an- 
isotropic and isotropic segments of the myofibrils as caused 
by different orientation of the micellar chains of the elemen- 
tary fibrils. In the A-segments the arrangement of the micellar 
chains is parallel — i. e. crystalline — for which reason the 
myofibrils are birefringent, in the I-segments the arrangement 
of the micellae is more irregular. 

The I-segments w^ere previously assumed to be isotropic. 
W. J. Schmidt’s investigations (1934, 1935) proved that the 
myofibrils are anisotropic throughout their length, also in the 
I-segments, the birefringence of the I-segments being 10 limes 
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b 

Fig, ‘2. ■ 

Muscle fibres from m. gluteus max. of the guinea pig. 

a) Muscle fibre at equilibrium length between crossed nicols. A appears light, I 
dark. Magnification 750 X- 

b) Muscle fibre at equilibrium length between crossed nicols. The Z-membrane 
manifests itself as a clearing up in A. Magnification 1400 X. 


lower than that of the A-seginents. If Hurthle’s model is con- 
sidered in the light of this observation it means that the mi- 
cellar chains, even in I, have a certain longitudinal orientation. 
According to d’ Ancona (1930) the myofibrils are of uniform 
chemical nature and birefringent in the whole of their length, 
the gradual differences in the anisotropy of the muscle is due 
to isotropic I-granules, varying content of water and varying 
density of the myofibrils. Liang (1936) was likewise of the 
opinion that the mj^ofibrils are birefringent throughout their 
length and that the cross striation is caused by a perifibrillar, 
isotropic substance of a netlike structure. 

Finally we may mention a few conceptions of the muscular 
structure which are rather different from the above men- 
tioned: Marcus (1920 — 1927): The fibrils are tubular ele- 
ments, the cross striation is due to deposits on the fibrils. Lu- 
tcmbacher (1928, pp. 19 — 28): The cross striation is caused 
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by the myofibrils having a corrugated or fluted surface. Lange- 
laan (1928, 1936): The muscular structure is build up of a 
system of lamellae. Carey (1936 — 1940): The cross striation 
is "alternate places of condensation and rarefaction of a stand- 
ing system of pressure waves transmitted through proto- 
plasm”. 

The A- and I-cross striae are further dealt with in section 
C of this chapter. 


Z. 

There are only a few authors who deny the vital existence 
of the Z-membranes (Hiirthle, 1909, 1931, c; Boerner-Patzelt, 
1929; Ernst & Kellner, 1936, b). In living muscle fibres they 
have been observed by i. a. Meigs (1908), d’ Ancona (1930), 
Jordan (1934), Studnitz (1935, a), Buchthal, Knappeis & Lind- 
hard (1936), and Speidel (1938, 1939). v. Muralt (1933) could 
always recognize the cross membranes when he examined the 
fibres in ultraviolet light. In the ashes from frog fibres after 
micro-incineration Buchthal & Lindhard (1939, p. 31) observed 
distinct Z-stripes. * In fixed and stained preparations the 
Z-membranes are always to be seen, here they often appear 
as the most distinct cross striae. The Z-membranes are aniso- 
tropic — they appear light in polarized light. 

In living muscle fibres from mammals Z-stripes are not 
seen in all preparations. As these structural elements are so 
fine a special illumination is required to make them appear 
(figs. 2 — 3). They are more clearly seen in extended than in 
relaxed fibres, presumably because the cross-sectional area of 
the fibre decreases when the fibre is extended so that the struc- 
ture becomes more “dense”. Contraction, however, do not 
increase the visibility of the Z-membranes. The thickness of 
the Z-membrane does not seem to be constant, but it is not 
possible to lay down any proportionality between the thick- 
ness of Z and the degree of stretch of the fibre, as maintained 
by Engelmann (1873). The optic image of the thickness of 
the Z-membrane is also a function of the depth of focus of 
the objective and the orientation of the membrane in relation 
to the optical axis of the objective. 

Considerable disagreement prevails with regard to the 
structure and function of Z. According to Haggquist’s opinion 
(1920, b) force is transmitted from the contractile myofibrils 
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a 



b 

Fig. 3. 

Muscle fibres from in. gluteus max. of the guinea pig. 

a) Slightly stretched muscle fibre showing Z-inembrane and Qm (top left part of 
the photo). On account of altered focusing the ratio A:I appears abnormal. 
Magnification 1400 X. 

b) Muscle fibres exhibiting false M-cross striae, produced by oblique illumination 
and defective focusing. In the right part of the photo Z can be seen centrally 
in I. To the left Z can be seen forming part of the dark cross striae. Magni- 
fication 1000 X. 


to the connective tissue of the muscle via the Z-inembranes. 
The latter consist of collagenous substance and they divide 
the fibrils in segments and are intimately connected to sarco- 
Icmma and endomysium. According to v. MfiUendorff (1925), 
however, the staining methods used by Hdggqid.^t are not 
specific to collagen. Electron microscopical examinations 
{Hall ef al., 1946) have shown that the Z-memhranes are not 
collagenous. Most investigators agree that there is an inter- 
fibrillar Z-slruclure attached to the sarcolemma, it can e. g. 
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be seen when the fibres appear festooned with sarcolemnaa 
retracted corresponding to the Z-membranes (Meigs, 1908, 
Jordan, 1934). There is evidence that the Z-membranes con- 
tinue through the myofibrils. By treating the muscle fibps 
with a potassium hydroxide solution of suitable concentration 
it is possible to make the myofibrils disintegrate into cross 
discs — Bowmann’s discs. Buchthal’s & Peterfi’s (1934) elec- 
trostatic measurements of living isolated fibres indicated that 
the potential difference is proportionate to the number of 
muscular compartments between the two electrodes, and this 
was considered to be inconsistent with a "continuous fibrillar 
structure. The potential difference will also decrease as soon 
as Z is destroyed. A fenestration of the Z-membrane has never 
been observed microscopically, and by means of the electron 
microscope the material of the Z-membrane can be observed 
between the myofibrils, cementing them together and pene- 
trating through them (Hall et al., 1946). Apolhi] (1907) 
thought that the nature of Z must differ according to its 
occurrence intra- or interfibrillarly, as it is possible, e. g. by 
boiling, to make the muscle fibres disintegrate longitudinally, 
corresponding to the fibrils, without a simultaneous disintegra- 
tion into Bowmann’s discs. 

On one hand the Z-membranes must be elastic as their 
areas vary considerably according to the degree of extension 
of the muscle fibres, on the other hand it is — as emphasized 
by Lindhard (1926, p. 213) — most probable that Hdggquist’s 
theory is correct and that the contraction tension is trans- 
mitted via the Z-membranes to the connective tissue, but this 
is inconsistent with the idea of high elasticity. It is also held 
that the Z-membranes maintain the orientation of the myo- 
fibrils in such a way that the isotropic and anisotropic seg- 
ments of the myofibrils are kept in the same cross-sectional 
plane. By stretching the muscle fibres, however, displacement 
of the myofibrils can be observed, and this displacement is 
reversible. None of the theories hitherto propounded with 
regard to the Z-membranes can fully explain these phenomena. 


Oh- 

™ e.g. been verified by 
to hp T rpf Studnitz (1935, a). Qjj has been assumed 

a refraction phenomenon, Exner (1887) said f. inst. that 



A, -which is a disc -with its highest refractive index centrally, 
may behave as a cylindrical lens thus producing the varying 
optical images. However, this clearing up of the central part 
of A may also be seen in fixed, non-stained muscle prepara- 
tions cut in sections of a thickness of 5 ft (the author’s obser- 
vation), and by means of the electron microscope Hall et al. 
(1946) have found Qjj in fixed myofibril preparations. This 
indicates that there is an actual variation of the structure in 
the A-ba’nd. In accordance with this W. J. Schmidt (1937, 
p. 184) in some cases found a decrease of the birefringence 
in the central part of A. Jordan’s explanation (1934) that Qh 
indicates a preliminary contraction stage cannot be acknow- 
ledged; in living muscle fibres of mammals this clearing up 
is not observed especially in connection with contraction, 
neither is it observed in the experiments in which the variation 
of the cross striation during single contraction is recorded in 
relation to time. On the other hand Qh is often seen in resting 
fibres, both in fibres at equilibrium length (fig. 3 a) and in 
extended fibres; it appears most clearly in extended fibres. 

M. 

Stiibel (1920) distinguished between and M. was 
only observed in living fibres, was often asymmetrically located 
in A, and was considered an optical phenomenon in contrast 
with the actual M which was preferably found in fixed pre- 
parations and always situated in the middle of A. According 
to Heidenhain (1911, p. 617) and Hdggquist (1920, a — c) M 
has the same structure as Z, an assumption which has also 
been confirmed by electron microscopy. (Hall et al., 1946). 

In the A-segments of mammalian muscle fibres M-cross 
stripes are often observed (fig. 3 b), but as they are not always 
situated in the middle of A they are probably false M-stripes, 
i. e: Stubel’s caused by projection of Z from parallel di.s- 
placed bundles of fibrils, or it may be due to the refraction 
in case of oblique orientation of the transverse discs in relation 
to the optical axis of the microscope. 

N. 

N-cross striation in the isotropic segments has been de- 
scribed i. a. by Engclmann (1873) who considers these stripes 
to be birefringent. According to the opinion of several authors 
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N is due to a series of interfibrillar granules {Flogel, 1872 { 
Retzius, 1890; Holmgren, 1907) while others, e. g. Jordan 
(1934) and Hall et al. (1946) assume that N is conditioned 
by intrafibrillar refractive phenomena. 

N has never been observed in the living mammalian muscle 
fibres examined by the author. 


Helicoidal structure. 

On account of certain appearances of the cross striation 
frequently found in muscle fibres, especially in fixed prepara- 
tions, several authors have adopted the theory that there are 
spiral-shaped — helicoidal — structural elements in- the 
muscle fibres {Munch, 1903; Heidenhain, 1911 — 1919; Tiegs, 
1922, 1923, 1924; d’ Ancona, 1929 — 1930; W. J. Schmidt, 1937, 
p. 217—218; Aurell & Wohlfart, 1936, 1938, and others). 

It is in the first, place Heidenhain (1911 — 1919) who has 
described the helicoidal structure in detail. In longitudinal 
sections of a muscle fibre it may be seen that the cross striae 
of two parallel bundles of fibrils are displaced in relation to 
each other in such a way that n muscle compartments in one 
bundle correspond to n -f 1 compartments in the other — as 
in a Vernier scale. Heidenhain introduced the designation 
“nonius periods” or “Nonius Felder” for such structures, and 
he called them sphenoids when they appeared as wedge- 
shaped, interposed, surplus compartments. Aurell & Wohlfart 
(1936, 1938) considered both the Z-membranes and the an- 
isotropic fibril segments of skeletal and cardiac muscles to be 
arranged in the shape of a “winding staircase” (helix) all cross 
striae forming a continuous band in the longitudinal direction 
of the fibre. 

Numerous investigators deny the existence of an actual 
helicoidal structure in the muscle fibres, maintaining that the 
above mentioned misleading appearance of the cross striation 
has merely been caused by a relative displacement of the myo- 
fibril bundles, namely: Diamara (1931), Marcus (1932), Bruno 
(1932), Jordan (1933) and Speidel (1937—1938). Feneis 
(1939) has demonstrated that by turning the isolated muscle 
fibre a few degrees about its longitudinal axis it is possible to 
make the nonius-like images disappear. The two halves of a 
nonius period are in different planes, and the image appears 
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when parts of the cross striation which are situated beneath 
each other are projected upon the same plane. 

According to Buchthal & Knappeis (1940) the appearance 
of the diffraction spectra of living muscle fibres is not con- 
sistent with the existence of helicoidal structural elements in 
the fibres. A helicoidal structure might be considered to be 
composed of a system of optical gratings with different axes 
and would thus give a superposed diffraction pattern. By 
stretching muscle fibres considerably Buchthal & Knappeis 
have been able to observe diffraction spectra which were in- 
clined in relation to the horizontal axis, an observation which 
indicates a displacement of the fibrils, but they did not observe 
any actual superposed diffraction patterns. Under most con- 
ditions the muscle fibres exhibited simple diffraction spectra 
which is a clear indication that the cross striation of the fibres 
is real. 

It might have been assumed that this investigation had put 
an end to the theory of a helicoidal structure, but in a mono- 
graph on the intercalated discs of the cardiac muscles Aiirell 
again takes up the helicoidal structure for discussion (Aurell, 
1945, pp. 32 — 55), maintains his previous assertion and de- 
monstrates the various images of the helicoidal structures by 
means of carrot models, while he criticizes Buchthal’ s & Knap- 
peis’ s work (1940) rather sharply; but obviously Aurell has 
not made himself sufficiently familiar with these investiga- 
tions. Buchthal & Knappeis found that normally the fibres ex- 
hibit a simple diffraction spectrum which is incompatible with 
a helicoidal structure of the fibres, it cannot thus be a fact — 
as Aurell maintains — that all muscles have a helicoidal struc- 
ture. Only by maximum stretching of individual fibres was 
it possible to produce atypical diffraction patterns which 
might be due to displacement of fibrils. Buchthal & Knappeis 
ought perhaps to have emphasized that such fibres at equili- 
brium length or at moderate elongation had shown simple 
diffraction spectra. Aurell states that only the microscopical 
section, i. e. fixed preparation, is able to yield information as 
to the helicoidal structure, but by fixing displacement of fibrils 
is very easily caused. 

There is consequently no reason to discard the theory that 
displacement of the fibrils is the cause of the helicoidal-like 
microscopical images, while nonius periods in unstained pre- 
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parations may also be caused by bundles of fibrils in different 
planes being projected on to the same plane. 

These findings have been confirmed by experiments on 
living mammalian muscle fibres as the nonius periods and, 
in a very few cases, sphenoids observed have in particular been 
found in highly extended fibres, and by observing the muscle 
fibres while gradually being extended it has in some cases 
been possible to follow the displacement of the fibrils and the 
development of the nonius periods. 


The Myofibrils. 

It has for a long time been realised that the muscle fibres 
contain longitudinal structural elements and that these are to 
be found not only in A, but also in I — indeed, in the form of 
myofibrils they extend continuously throughout the length of 
the muscle fibre. 

In living, unstained muscle fibres the myofibrillar struc- 
ture cannot be seen clearly, an experience which was also con- 
firmed by the study of mammalian muscle fibres. In case of 
very powerful magnification a slightly granular or indented 
zone becomes visible between A and I, and by stretching the 
fibres this zone is rendered more visible, a fact which indicates 
that the fibrils or bundles of fibrils are displaced slightly in 
relation to each other. Speidel (1937 — 38) found it likewise 
impossible under normal conditions to recognize the myofi- 
brils of resting muscle fibres of the tadpole in situ, only in 
infrequent cases could he see: “delicate lines of tension”. 
During extension and contraction of the fibres the longitudi- 
nal structure, however, appeared. 

With dark field illumination the continuous fibril-struc- 
ture in living muscle fibres is clearly seen (Ettisch, 1933). It 
will be mentioned in chapter IV that, during the study of the 
birefringence of muscle fibres, observation was made of the 
finely serrated contour of the arch-shaped deviation caused by 
muscle fibres to the interference line of the Babinet compen- 
sator. This serrated contour is a proof that the living muscle 
fibres contain longitudinal structural elements. 

The fibrillar structure becomes more apparent when the 
osmotic conditions of the muscle fibres are altered (Stiibel, 
1920; Zeiger & Schreiber, 1927; Boerner-Patzelt, 1929), and or- 



26 


dinary fixing has the same effect (Brucke, 1858; Hurthle, 
1909; Heidermanns, 1935). Hurthle, (1930—1931, a— c) exa- 
mined the fibrillar structure by freezing the fibres as ice cry- 
stals then appeared in the space between the fibrils. It is also 
possible to split the muscle fibres longitudinally into fibrils or 
bundles of fibrils by mechanical means (Ernst & Kellner, 
1936, a — d) — muscle fibres of certain animals are actually 
apt to disintegrate into fibrils spontaneously (Tfeiden/jam, 1911, 
p. 578). After boiling the muscle fibres it is particularly easy to 
split them into bundles of fibrils. 

With regard to the magnitude of the fibrils there is much 
disagreement. Some investigators find the diameter of fibrils 
to be from 0.2 to 2 n, while others consider the myofibrils 
to be ultramicroscopical and maintain that the measured dia- 
meters are those of fibrillar bundles. It is not very easy to 
refute this assertion as it is a matter of definition what is 
meant by a myofibril. Hurthle (1931, b) states in his table of 
the minute structure that the microscopical fibril is composed 
of several elementary fibrils, and KolUcker (1866) found that 
the fibrils are often accumulated in ^‘colunmae", but according 
to Heidenhain (1911, p. 581) the bundles cannot either be con- 
sidered structural elements of constant magnitude. Buchthal, 
Knappeis & Lindhard (1936) measured bundles of fibrils, the 
diameters of which were 6 — 8 n, in living muscle fibres of 
frogs and were of the opinion that these bundles corresponded 
to Cohnheim’s areas. They were also able to measure fibrils 
the diameters of which were 1.5 — 2 yn. Such uniformity of the 
myofibrillar bundles have never been observed microscopically 
in the material of living mammalian muscle fibres examined 
by the author. Electron microscopy of fixed bundles of myo- 
fibrils has shown that the latter are composed of longitudinal 
myosin filaments with a diameter of 0.005 — 0.025 p. (Hall et 
al., 1946). 

It is probable that the thickness of the myofibrils is the 
same throughout their length (Haggquist, 1931, p. 129; 
Schmidt, 1937, p. 176). This means that in fusiform or taper- 
ing muscle fibres not all of the myofibrils extend from one 
end of the muscle to the other, a fact which is of importance 
for the understanding of the transmission of tension from the 
myofibrils to the connective tissue of the muscle. 

When studying the arrangement of the myofibrils in the 
muscle fibres it is necessary to use fixed preparations. Cohn- 
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heim (1865) described the appearance of the fibre cross sec- 
tion found in frozen muscle fibres as “divided in areas” (“feld- 
formig”). According to Kollicker (1866) this “Saulclienfelde- 
rung” shows the cross sections of the myofibrils separated by 
sarcoplasm. Schaffer (1893) demonstrated that in some muscle 
fibres the myofibrils are more uniformly distributed through- 
out the cross section of the fibre — “Fibrillenfelderung” — and 
that in longitudinal sections such fibres appear clear or bright 
(“helle”) in contrast with the dim ("trube”) muscle fibres, 
the cross section of which exhibit “Saulchenfelderung”. As 
Knoll (1890, 1891) he was of the opinion that the latter muscle 
fibres contain more sarcoplasm than the clear muscle fibres. 
On the other hand he contested the assertion put forward hy 
Knoll (1891) that Cohnheim’s areas should be produced bj^ 
fixing, even if he found that fixatives could alter the appea- 
rance of the cross section somewhat. Some investigators still 
hold that the different appearances of the cross sections are 
indicative of different properties of the muscle fibres {Dan- 
ziger, 1937). (conf. p. 30). Others consider the cross sectional 
images to indicate different functional conditions of the fibres 
(Knoll & Barldey, 1940, conf. Hiirthle’s “Fibrilbundelung” 
during contraction, 1931, c). Muscles from various classes of 
animals, however, exhibit difference in the arrangement of the 
fibrils, e. g. the myofibrils of muscle fibres from fish are ar- 
ranged in concentric rings (Gorss, 1939). 

The segmenting of the fibrils has already been mentioned 
and their minute structure will be discussed in a later section. 


Spirally wound myofibrils. 

Spirally wound myofibrils (Bataillon, 1891) are described 
as bundles of myofibrils, 2 — 24 ^ thick, (Wohlfart, 1932; 
Voss, 1932), which winds in a spiral round the axis of the 
fibre, most frequently outside the other fibrils below the sar- 
colemma. The inclination of the spirals is very low, for which 
reason they appear as “Ringbinden” (Heidenhain, 1918, a and 
b) in cross sections of the fibres. They are usually only found 
in a part of the total length of the fibre as longitudinal fibril 
bundles bend and proceed along a spiral path. Transitional 
forms in which the myofibrils form irregular networks have 
also been described (Timlin, 1914; Bucciante & Luria, 1937). 

Voss (1932, 1935) advanced the hypothesis that the spiral 



myofibrils were artificial products caused by the fixing, but 
Bucciante & Luria (1937) assert that they have observed 
winding fibrils in non-fixed and unstained fibres. Bergstrand 
(1938) has described the spiral myofibrils in details, and 
Wohlfart (1932 1938) has also made a rather thorough 

study of them. Wohlfart does not think that they indicate 
pathological processes, as described by previous investigators, 
i. a. Heidenhain (1918, a and b), Slauck (1921), Schiitz (1922) 
and V. Zalka (1933). On the other hand Wohlfart is of the 
opinion that they have an unknown, specific function. 

It has not been possible to ascertain the existence of myo- 
fibrils of spiral or otherwise irregular course in the isolated 
muscle fibres from the mammalian muscles examined in the 
present investigation. Unfortunately it was technically im- 
possible to isolate intact muscle fibres from the eye muscles 
where spiral fibrils are supposed to be particularly frequent 
(conf. Thulin, 1908, 1914; Wohlfart, 1932, b). 


The Sarcoplasm. 

According to Pischinger (1931) sarcoplasm is a peculiar 
solution of numerous, to a certain extent unkno^vn, substances, 
in which physico-chemical disturbances will very easily cause 
the precipitation of certain components; only I-granules may 
occur in vivo {Pischinger, 1931, conf. also W. J. Schmidt, 
1937, p. 191). Speidel (1937 — 1938) found fine granules at the 
boundary of the A-discs in the tail muscles of tadpoles in 
vivo — a pair at each myofibril. Holmgren (1907, 1913), 
Thulin (1909) and others have ascribed great importance to 
the sarcosomes, distinguishing between A- and I-granules 
according to the location, and have described changes in 
morphology and location during contraction, but, as already 
mentioned, on fixed material. Marcus (1920—1922) considered 
deposits on the myofibrils to be the cause of the A- and I-cross 
striation, and according to d’ Ancona (1930) the isotropic cross 
striae are due to isotropic I-granules, while Liang (1936) was 
of the opinion that the I-cross striation is produced by a 
netlike, isotropic structure. Only external influences \\ill 
cause the latter to disintegrate into sarcosomes. 

In li\ing mammalian muscle fibres it has not been possible 
to distinguish between the sarcoplasm and the more solid 
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elements of the fibres, and definite interfibrillar granules 
have not been recognizable. 

The hypothesis that the sarcoplasm is contractile, which 
has been propounded by certain investigators, will be dis- 
cussed in chapter III. 

By means of special staining methods Arnold (1909), 
Studnitz (1935, b) and others have tried to investigate the 
location of glycogen in the muscle fibres. Studnitz found that 
glycogen in resting muscles is found both in A and I, mostly 
in A. The stronger and the more lasting the irritation of the 
muscle the more the glycogen will accumulate in A. During 
the restitution period the newly formed glycogen appears 
mostly in I. Against these experiments, which were carried 
out on fixed material, the objection has been raised that no 
allowance was made for the rapidly occurring glycolysis 
iBuchthal, Knappeis & Lindhard, 1936). Studnitz does not 
make any allowance either for the transport of liquid (sarco- 
plasm?) from A to I during the contraction. 

Fatty granules have in particular been observed in em- 
bryonic muscle cells iBorghese, 1937) and in connection with 
certain pathological conditions (Slauck, 1930, 1932, 1936, 
pp. 412—431, Basile, 1939). 

By means of the specific absorption of ultraviolet light of 
the adenine derivatives Caspersson & Thorell (1942) have 
shown that in living, resting fibres the major part of adenine 
derivatives are to be found in the I-segments, in exhausted 
fibres they are also found in the A-segments. 


Red and white muscle fibres. 

The fact that some muscles are red and some white is not 
due to a different content pf blood, but to a varying content 
of a certain pigment dissolved in the muscle plasm iKiihne, 
1865). According to Ranvier (1874, a) the red muscles have 
a greater latency and their contraction is more slow and more 
lasting than that of white muscles. In all muscles of vertebrates 
there are, however, both pale, homogeneous (“helle”) muscle 
fibres and darker, granulated (“trube”) fibres with longi- 
tudinal striation, but there are some muscles in which either 
one or the other type of fibre is completely dominating {Griitz- 
ner, 1883). Needham (1926) has given a summary of these 
problems and Denny-Brown (1929) has shown that there is 
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consistency between the histological appearance and the me- 
chanical reaction of the. muscles, while Danziger (1937) found 
a relation between the function of the muscle and the occur- 
rence of "Fibrillen-” or “Saulchenfelderung”, but not between 
the colour of the muscle and these structural images. 

It is still an open question, whether it is justified histo- 
logically to distinguish so sharply between the two kinds of 
fibres, and whether the mechanical functions of the two kinds 
differ. The marked divergence of the observations seems to 
indicate that the final answer will be in the negative. 

In the examined mammalian muscles no differences be- 
tween the fibres have been observed, neither with regard to 
colour and brightness nor with regard to mechanical proper- 
ties. In BuchthaV s material of muscle fibres from frogs such 
differences have not been ascertained either. 


The Muscle Nuclei. 

The muscle nuclei have especially been investigated by 
Schiefferdecker (1911 — 1919) who, in a very comprehensive 
work, has tried to establish a relationship between the func- 
tion of the muscle and its number of nuclei, size of nuclei etc. 

Calculation of the cross section of the nuclei and the num- 
ber of nuclei per fibre cross section is, however, erroneous if 
no allowance is made for the degree of stretch of the muscle 
fibres. The elongation of the nuclei during stretch is not 
necessarily proportionate to that of the fibres, as the elasticity 
of muscle fibres and nuclei need not be identical. It has not 
been possible, by measuring the length of nuclei in fixed pre- 
parations, to establish any parallelism between height of com- 
partments and length of nuclei. In cross sections relatively 
more nuclei will consequently be found in relaxed or con- 
tracted muscles than in stretched muscles. 

The length of the nuclei varies from 5 fi to 12 — 15 fi and 
their thickness may be as great as 5—6 ft, they are described 
as fusiform or lentiform, ellipsoidal or rod-shaped and always 
with their longitudinal axis parallel to the longitudinal direc- 
tion of the fibre. According to Schiefferdecker the location of 
the nuclei in the muscle fibres differs in different animals 
and in different muscles in the same animal. In vertebrates 
and birds the arrangement of the nuclei in the fibres is prefer- 
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ably peripheral, below the sarcolemma, while in fishes and 
amphibians the nuclei are more uniformly distributed over 
the cross section of the muscle fibres. 

It is not possible to recognize the nuclei in unstained pre- 
parations with ordinary illumination, as their refractive index 
is not sufficiently different from that of the other components 
of the fibre. Only in a few cases will it be possible with a 
reduced illumination to distinguish them as turbid spots in 
the muscle fibre. 


The Sarcolemma. 

The sarcolemma does not only function as a cell membrane, 
but it is also supposed to transmit tension from the contractile 
substance to the connective tissue of the muscle. As moreover 
the sarcolemma must possess a considerable ability to alter 
its shape, because it must be able to follow the varying length 
of the contractile substance, it is obvious that great demands 
are made upon its structure. 

Already Pappenheimer (1908) has shown that sarcolemma 
consists of a homogeneous basic substance and a network of 
collagenous fibrils in definite patterns. Nagel (1935) has 
especially studied the mechanical properties of the sarcolemma 
and emphasizes its elasticity; by a strong shortening of the 
muscle fibre the surface of the muscle cylinder becomes 
smaller without the sarcolemma becoming slack or winkled. 
Sarcolemma may be stretched to four times its original length 
and the alteration will remain reversible. Ramsey & Street 
(1940) have asserted that the length-tension diagrams of the 
resting muscle fibres are exclusively conditioned by the sar- 
colemma; they found similar length-tension curves for intact 
muscle fibres and muscle fibres with damaged interior, but 
intact sarcolemma. Sichel (1941) has shown that these ob- 
servations cannot be correct. In chapter V we shall discuss 
this problem further. 

It is not fully elucidated whether the elasticity of the 
sarcolemma is exclusively due to the texture of the network 
in connection with the basic substance or whether the fibrils 
in sarcolemma are elastic. Bairati (1938) contests the latter, 
he is of the opinion that the fibrils in sarcolemma are all 
collagenous; they are all birefringent. At the ends of the 
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muscle fibres sarcolemma may behave differently. Accordin" 
to Lubosch (1937) it may either be completely lacking here or 
it may continue in the shape of a sheath enveloping the con- 
tinuation of the myofibrils, or it may form a fine-mesh network 
covering the ends of the muscle fibres and forming part of 
the tendinous fibrils which emerge from the muscle fibre. 

It is not possible to observe the sarcolemma by micro- 
scopical examination of Imng, unstained muscle fibres under 
normal conditions. In longitudinally compressed fibres it is 
possible to observe a wrinkling of the surface of the fibres. 
An actual festooning with retraction of sarcolemma corre- 
sponding to the Z-membranes has not been seen, however. 
When the muscle fibres are injured the sarcolemma is often 
observed to remain intact while the content of the fibre is 
retracted. 


The Connective Tissue of the Muscle. 

Schiefferdecker (1911 — 1919) has described the nature of 
the connective tissue of various muscles, but has taken a 
special interest in the occurrence of elastic connective tissue. 
Feneis (1935) on the other hand examined the connective 
tissue in relation to the function of the muscle and pointed 
out that the connective tissue must permit high mobility be- 
tween muscle fibres and fascicles, as the muscle fibres to a 
certain extent work independently of each other. In order to 
reduce the internal resistance of the muscle membranes of 
connective tissue, so-called displacement membranes, are in- 
serted between the fascicles and connected to the latter by 
means of “neutral connecting threads”, which run parallel to 
the tendons and convey vessels and nerves to the muscle fibres. 
The displacement membranes often contain adipose tissue, 
and their elasticity and ability to be displaced are obtained 
by a specific arrangement of inelastic material. According to 
Nagel’s investigations (1935) the collagenous fibril bundles 
follow a course from the neutral connecting threads in an 
oblique direction round the muscle fibres, in the shape of 
“adventitious bundles”, and after having reached the indi- 
vidual fibres they wind in spirals round the latter and finally 
they ramify and enter into connection with the “tricot-like” 
network of endomysium and sarcolemma. The distance be- 
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tween the windings of the spiral depends on the degree of 
stretch of the muscle. In highly stretched muscles the ad- 
ventitious fibril bundles are almost parallel to the muscle 
fibres, while they are at right angles to the axis of the muscle 
fibres and sometimes also wrinkled when the muscle fibres 
are shortened during contraction. On account of this arrange- 
ment the connective tissue of the muscles permits relatively 
free displacement of the muscle fibres and acts merely as an 
increasing elastic resistance at high degrees of stretch. 

On account of the above mentioned, the viscous-elastic 
properties of the muscle as a whole will be different from 
those of the isolated fibres; in the muscle it will be quite 
justifiable to speak of an internal frictional resistance — a 
true viscosity — while the viscous properly of the individual 
muscle fibre is due to other causes wdiich wall be discussed 
in chapter V. 

It has been shown on muscles of the frog that anisotropic 
segments of any fibre nearly always adjoin the anisotropic 
segments of adjacent fibres {Buchthal & Knappeis, 1940). 
Buchthal & Knappeis were guided towards this observation 
by their investigations on the diffraction spectra of muscle 
fibres, the muscle fibre bundles exhibiting sharp spectra 
exactly as isolated fibres, a fact which indicates that the 
gratings in the individual fibres are parallel. When the resting 
muscle is not subjected to any external mechanical influence 
the connective tissue thus maintains the position of the muscle 
fibres fairly accurately. 

In mammalian muscle fibres it has likewise been possible 
to observe the cross striae to be at the same level in adjacent 
fibres at equilibrium length at rest (fig. lb). Both stretch 
and contraction result in relative displacement of the fibres, 
the displacement being usually reversible. 

Numerous attempts have been made to elucidate the pro- 
cess according to which tension is transmitted from the con- 
tractile substance to the connective tissue by examining the 
behaviour of myofibrils, sarcolemma and connective tissue at 
the ends of the muscle fibres. 

Ranvier (1889, p. 393) stated that there is a cementing 
substance between muscle fibres and tendons — the so-called 
apposition theory. Against this it was emphasized, i. a. by 
chulze (1912), that the myofibrils are continued directly in 
tendinous fibrils, and that tension is transmitted directly 
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through these elements. Later on many investigators have 
accepted Schulze’s theory and confirmed the continuity be- 
tween tendinous fibrils and myofibrils, e. g. Butcher (1933), 
Schixle '(1935), Studnicka (1937) and Speidel (1937 — 1938)! 
According to Wohlisch (1932) the micellar structure of the 
tendinous fibrils and myofibrils is the same, and by polariza- 
tion-optical investigations W. J. Schmidt (1936) has sho^vn 
that the direct continuity between the tendinous fibrils and 
myofibrils is found everywhere in vertebrates, but that there 
is a sharp boundary between the myosin of the myofibrils 
and the collagen of the tendinous fibrils, 

Hdggqmst (1920, I’926, 1931, p,223 — ^233) on the other hand 
claims that muscular tension is transmitted through the 
Z-membranes to the sarcolemma and to the endomysiuni. In 
support of this theory he stated i. a. that when a muscle’ fibre 
is fusiform, all of the myofibidls of the fibre cannot extend 
from one end of the fibre to the other. The absolute length 
of the myofibrils therefore differs, and their absolute short- 
ening during contraction consequently also differs. This would 
result in a highly uneven distribution of tension, if the force 
from the individual myofibril was transmitted directly to the 
tendinous fibrils. Transmission of tension to the network 
structure of sarcolemma and endomysium can however ex- 
plain the mechanical phenomena much better. Hdggquist also 
supported his theory by histological observations of the tran- 
sition between muscle and tendon. As Peierfi (1913) he found 
that here the direction of the fibrils -was at right angles, to 
the acting forces, and he could not find any direct continuity 
between tendinous fibrils and myofibrils, while the fibrillar 
structure of sarcolemma and endomysium was continued in 
the tendinous tissue. Hdggguist’s theory was accepted i. a. by 
Rijden & Wohlfart (1932), by Lindhard (1926) and by Nagel 
(1935). The latter observed a wrinkling of the adventitious 
collagenous bundles in contracted fibres, a fact which, ac- 
cording to his opinion, indicated that the tension during con- 
traction must be transmitted along the Avholc surface of the 
muscle fibre. 

Others, as e. g, Sobotta (1924) and Clara (1931) suppose 
that the contractile force is transmitted in both ways. Lubosch 
(1937) has given a good review’ on these problems. He assumes 
a direct transmission of force to be essential, but agrees that 
a great part of the force may he transmitted through the peri- 
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inysium. Histologically he has found cases in which there is 
continuity between tendinous fibrils and myofibrils without 
an intervening sarcolemina. Cases in which there is connec- 
tion between tendinous fibrils and myofibrils through the fine- 
mesh sarcolemma network. And cases in which sarcolemma 
forms a boundary layer in the shape of a 3-dimensional fibril- 
lar network (“Faserfilz”), externally connected to tendinous 
fibrils, internally to light, non-cross striated threadlike struc- 
tural elements which continue to the myofibrils. — And finally 
cases in which the cross striation continues right down to the 
sarcolemma so that the myofibrils are attached to the fibrillar 
network and possibly also have individual independent con- 
tinuations. 


The Motor Innervation of the Muscle. 

Eccles & Sherrington (1930) found 200 — G50 motor units 
per muscle in various of the muscles of the extremities of the 
cat. Clark (1931) found, by counting nerve and muscle fibres, 
that the motor unit of the muscles of the extremities of the 
cat includes 120 — 165 fibres. Cooper’s experiments (1929) in- 
dicated that the arrangement of the motor nerves to the m. 
sartorius and m. tenuissimiis of the cat is such that the muscle 
fibres W'hich function simultaneously in case of partial con- 
traction are arranged in series extending through the whole 
length of the muscle. If this was not the case the active muscle 
fibres would merely stretch the inactive ones, and the effi- 
ciency would be reduced. 

Pathologlco-anatoniical investigations e. g. by Slatick 
(1923, 1930, 1932) and by Wolilfahrt & Wohlfart (1935, pp. 
94 — 97) have shown that muscle fibres innervated by the 
same anterior horn cell is collected in small bundles of 10 — 20 
fibres. One motor unit comprises several small bundles and it 
is reasonable to assume that in muscles in wdiich individual 
fibres do not extend from tendon to tendon small bundles 
belonging to the same motor unit are arranged in continuation 
of each other. 

The motor end plates are often situated in certain zones 
of the muscle {Zobisch, 1934; Lczaiim, 1939, 1941). 

It is generally assumed that there is only one motor nerve 
1 re for each muscle fibre, some authors have, however, found 
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two or more, (i. a. Agduhr, 1919; Harreveld, 1939; Katz et al, 
1941). Agduhr (1919, 1939) even speaks of a plurisegmentary 
innervation. Hdggquist (1938 — 1940) has advanced the theory 
that there are two systems of nerve fibres, coarse nerve fibres, 
which transmit contraction, and fine nerve fibres, which trans- 
mit “tonus” and innervate special “tonus muscle fibres”, but 
this theory has been questioned (E. Krogh, 1946; Leksell, 1945, 
p. 75). Several authors (i. a. Boeke, 1927; Agduhr, 1919; 
Frank, 1920) have observed small accessory end plates which 
were supposed to originate from the autonomic nervous system 
and to be of importance to muscle tone etc. (conf. i. a. Kurd, 
1931), but these observations and theories have also been much 
disputed. When checking Boeke’s investigations Wilkinson 
(1931, 1934) observed sympathetic nerve branches in relation 
to the blood vessels only. 

A review of the structure of the motor end plates is given 
e. g. by 5/dhr (1931), Boeke (1932) and Bielschowsky (1935). 
When the motor nerve branch reaches the muscle fibre it 
loses the myeline sheath; the outer sheath, neurilemma, joins 
the sarcolemma and the neurofibrils enter the end plate and 
split subsarcolemmically into a complex fibrillar network, the 
fibrils of which always terminate in closed loops. Around the 
neurofibrillar plexus and between the latter and sarcolemma 
the muscle sole or bed is situated; it contains more nuclei and 
is especially rich in granules, it forms a boundary layer to- 
wards the sarcoplasm. In mammals the end plate is usually 
fusiform, with its longest diameter in the direction of the 
longitudinal axis of the muscle fibre — it extends across 
several compartments, but is only of a small thickness, i. e. 

1—10 fi. 

The existence of a periterminal network, extending from 
the actual neurofibrillar netw’ork of the end plate through the 
sarcoplasm to the myofibrils (JBoeke, 1909, 1926, 1932), is 
denied e. g. by Pet erf i (1935), Wilkinson (1931, 1934) and by 
Buchthal & Lindhard (1939, p. 51). The latter found a poten- 
tial difference between the end plate and the muscle comi)art- 
menls which is not in conformity with a direct continuity be- 
tween neurofibrils and contractile substance. On the basis of 
different effects of acetylcholine and potassium Buchthal & 
Lindhard (1942) assumed the existence of two functional 
boundary faces at the transition from nerve to muscle, one 
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between the neurofibrillar network and the muscle sole — here 
the acetylcholine presumably acts — and the other between 
sole and sarcoplasm — and here potassium is supposed to act. 

In living muscle fibres the motor end plates can be seen as 
blurred parts on the side or upper surface of the fibres, they 
are most easily found by following the thin nerve branches 
and appear most clearly when the fibres are examined with 
reduced illumination. 

By means of a special micro-technique Buchthal & Lindhard 
(1937 — 1942) could — as mentioned — Jipply various solu- 
tions, e. g. acetylcholine solution, locally to the end plate of 
isolated, living muscle fibres from lizards. Similar experiments 
have been performed by Buchthal, Lindhard & H0ncke (un- 
published experiments) on isolated mammalian muscle fibres 
from the cat, and, just as in lizard muscles, it was possible to 
produce contraction by local application of very small amounts 
of acetylcholine (dose; abt. 10-® fig.) or very small amounts 
of dissolved potassium (dose: abt. 10-^ /^g-). 


C. Quantitative Determination of the Cross 
Striation and of its Variation during 
Contraction. 

Engelmann (1873 — 1881) was the fii’st to perform exact 
quantitative determinations of the height of the compartments 
of muscle fibres and of the various layers of the compartment. 
He employed fixed as well as freshly excised, living muscle 
fibres from various insects, amphibians and mammals, and he 
found by measurement a ratio of the A-layer to the I-layer of 
1 to 1; in arthropods A was slightly higher than I, while the 
opposite was the case in vertebrates. The ratio of A : I was 
fairly independent of the degree of stretch of the fibres. The 
material used by Engelmann for studying the structural 
changes occurring during contraction was mostly fixed insect 
muscles, as he asserted that the contraction waves to be ob- 
served in preparations fixed by means of perosmic acid were 
identical with the spontaneous contraction waves in living 
muscle fibres. Consequently the results have to be taken with 
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reservation. He found that during contraction the height of 
I decreases relatively more than that of A, and the volume of A 
increases at the cost of I; at the same time a reversal of the 
refractive indices takes place, I becoming darker than A during 
maximum contraction. According to Engelmann this is caused 
by a transport of liquid from I to A. 

Krause (1873) and Rollett (1885, 1891) denied the occur- 
rence of such a reversal of the cross striae during contraction; 
but Krause, who especially examined muscles from frogs and 
mammals claimed that only the height of I decreases during 
contraction. 

Hurthle (1909) emphasized the advantages of measurement 
of the object above "subjective” qualitative observation. By 
means of his cinematographic method he photographed sur- 
viving muscle fibres of Hydrophilus and recorded the spon- 
taneous contraction waves occurring here. According to 
Hurthle the height of compartment in Hydrophilus is 4—8 ft 
and I amounts to only Vs of the total height. During stretch 
of the muscle fibres the ratio A : I is not altered. During con- 
traction the total height of the compartment is reduced by 50 
per cent, A decreases 60 per cent in height, while I remains 
unchanged or even increases by up to 30 per cent. This means 
that contraction takes place in the birefringent layer. Hiirthlc 
could not accept Engelmann' s contraction theory with "swel- 
ling” of the A-substance, and he was unable to observe the 
reversal of the light reiraction described by Engelmann. He 
assumed that the sarcoplasm moves from A to I and that the 
rod-shaped, birefringent segments of the fibrils become shorter 
and thicker during contraction, but maintain their volume. 

In insect muscles and in frog muscles Meigs (1908 — 1914) 
found a similar ratio A : I, A amounting to 7jo of the compart- 
ment. A state of contraction was, according to his observations 
characterized by a festooning with retraction of sarcolemma 
at Z and at M. 

In investigations dealing with frog muscles Franlc (1928) 
showed that all fixatives produce contracture of the cross 
striated muscles, while freezing with subsequent fixing in 
■Carnoy’s liquid at a temperature of — 6 to — 8°C does not 
produce any shortening of the muscles and thus probably 
yield a correct picture of the structure at rest. For examination 
of the structure during contraction he used muscles fixed 
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without freezing — during tetanic contraction. In frog 

muscle preparations made in this way he measured the height 
of compartment to be 2.2 [i and the ratio All*) at rest to be 
10 — 0.83. If the resting muscle is stretched the elongation 
will particularly occur in I, while the height of the A-layer 
is increased at the cost of I during isometric, tetanic con- 
traction. When the ratio A/I in a resting, stretched, fixed 
muscle is 0.5 — 0.6-7 it will in a tetanized, stretched, fixed 
muscle be 1.11 — 1.16. By isometric contraction the ratio A/I 
may be altered to 2.2. 

Hurthle (1930) questioned Frank’s observations; he 
showed that the frog muscle loses its tension and its degree 
of shortening by being immersed in the fixatives during 
tetanic contraction. The histological picture of muscles fixed 
in that way does consequently not correspond to the contrac- 
tion existing in vivo. Hiirthle (1931) stated that the muscle 
fibres are more easily fixed in a contracted condition by being 
immersed in liquids of low temperatures (solid *002 dissolved 
in ether (temp. — 70°C) or liquefied air (temp. — 180°C)). 
He exsiccated the frozen muscle fibres in vacuum and ex- 
amined the fibres both stained after embedding in paraffin 
and unstained. He succeeded in fixing muscle fibres at rest 
by leaving the muscles before fixing for one hour in air, in 
which they lose their contractility. The freezing results in 
ice crystals forming between the fibrils splitting the fibrils 
into bundles, this phenomenon being most pronounced in 
contracted fibres, as an expression of the “bundling” or 
“formation of columns” of the fibrils during contraction. 
Hiirthle found that the anisotropic rods became shorter and 
more spherical during isotonic contraction, and he speaks 
of “Perlenquerstreifung” in contrast to “Stabchenquerstrei- 
fung” as existing in resting fibres. The ratio A : I did not 
change during isotonic contraction as both A- and I-layers 
decreased in height, the birefringent substance still amounting 
to 50 per cent of the total height of the compartment. The 
height of the compartment of resting frog muscle fibres was 
measured by him to be 2.2 — 2.7 fi. 

In an excellent paper (1932) Holz has photographed fibres 
from m. cutaneus pectoris of the frog in situ, and measured 
photometri cally on the negative film the ratio of the height 

) To facilitate comparison Frank’s figures have been converted 
from I/A ratios to A/I ratios. 
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of the isotropic to that of the anisotropic layer, but unfortu- 
nately he has not stated the absolute values. He found that the 
heights of A are approximately the same as those of I in resting 
muscle fibres, perhaps A is slightly higher than I. During 
isotonic tetanus A is shortened more than I. 

As examples of the widely differing conceptions of the 
muscular structure formed by different investigators it may 
he mentioned that Diamara (1925) and later on Bruno (1930) 
concluded that the cross striation is the same in vertebrates 
and arthropods as regards stainability, but the polarization- 
optical properties differ, the light substance is isotropic in 
arthropods while in vertebrates it is anisotropic. During con- 
traction the A-stripes in arthropods are displaced towards Z, 
forming contraction bands (=C), while in vertebrates the 
latter are formed by A which is drawn towards M. Jordan 
(1934) as well as W. J. Schmidt (1937, pp. 171 — 175) con- 
tested this conception. Jordan explained the fallacy by assum- 
ing that the examined muscle fibres from vertebrates had 
been slightly contracted, and W. J. Schmidt ascribed the 
mistake to defective focusing. 

Jordan (1919, 1933, 1934), however, was also of the opinion 
that anisotropy and stainability were two different phenomena, 
not necessarily interdependent. In muscle fibres of wasps he 
found that the cross striation is reversed during contraction, a 
lighter zone appears in the middle of A, and the two halves 
of A are displaced towards Z, thus forming a contraction band 
possibly in conjunction with the accessory discs (N). The 
location of the anisotropy is not, however, altered. 

W. J. Schmidt (1937, p. 171) likewise agreed with Engel- 
maiin as to the reversal of stainability and refraction of the 
anisotropic and isotropic substances during contraction. 
Schmidt did not ascribe this merely to intrafibrillar changes, 
but also to accumulation of I-granules against the Z-mem- 
brane. 

Studnitz (1935, a, 1936) on the other hand found that in 
arthropod muscles A is always stained more intensely than I, 
whether the muscle is resting or contracted. He recommended 
chloral hydrate-glycerine as the most gentle fixative and found 
that the height of A as well as of I decreases during pronounced 
contraction (A 50 — 70 per cent and I 30 — 50 per cent); ac- 
cordingly I should also be contractile; these findings are, how- 
ever, not made under sufficiently well-defined experimental 
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and the I-substance correspondingly elongated, the height of 
the two layers may be almost identical during contraction. 
Changes of the cross striation during tetanic contraction are 
however not equally pronounced in all preparations and are 
also to a minor extent dependent upon the degree of stretch 
of the fibres, the changes of ratio A : I during contraction being 
smaller for moderately stretched fibres (length 120 — 130) 
than for fibres at equilibrium length and for fibres at high 
degrees of stretch. 

According to Biichthal, Knappeis & Lindhard an active 
shortening of the I-substance does never occur, not in case 
of tensionless contraction either. It is consequently the A-sub- 
stance which alters its equilibrium length during contraction, 
but the I-substance also plays an active part in the contraction 
process as the stiffness of the I-substance is increased during 
contraction — as shown by Buchthal (1942, p. 57). 

Knappeis, Lindhard & Tops0e-Jensen (1940) by means of 
the same experimental methods deterrnined the height of the 
compartment in isolated, living muscle fibres from Astacus 
fluviatilis and Carcinus maenas to be 6.3 and 6 ft respectively 
at equilibrium length. In both cases A amounts to 56 per cent 
of the height of the compartment in resting fibres, it is elon- 
gated relatively more than the I-substance at stretch and is 
shortened to 52 per cent of the height of the compartment 
during isometric, tetanic contraction. 

The cardiac muscles of the frog were examined by Knap- 
peis & Liindin {Lundin, 1944, p. 47). Here A likewise amounts 
to 60 per cent of the height of the compartment, but in ca.se 
of passive stretch the cardiac muscles of the frog, in contrast 
to skeletal muscles, exhibit less stiffness of I than of A, I being 
elongated relatively more than A. At length 170 of the fibres 
A thus amounts to 59 per cent of the height of the compart- 
ment. In case of isometric contraction A is shortened while I 
is elongated in the same way as in skeletal muscle fibres. By 
means of micro-cinematographic recording with a frequency 
of exposures of 100 per sec., each exposure lasting for 0.4 msec. 
Buchthal & Knappeis (1943, a and b) succeeded in observing 
the changes of the cross striation during different phases of 
single contractions. Measurements of these microphotographs 
showed that, just as tetanic contraction, isometric single con- 
traction is accompanied by a shortening of the A-substance 
and an elongation of the I-substance. The change reaches its 
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The fact that the muscle fibres possess both crystalline 
birefringence and form birefringence has been shown i. a. by 
Stiihel (1923). He demonstrated this phenomenon by embed- 
ding fixed muscle fibres in media of different refractive in- 
dices. The variation of the total birefringence with the refrac- 
tive index of the medium employed for embedding appears 
from fig. 4. At the lowest point of each curve the refractive 



The dependence of the birefringence on the refractive index of the embedding 
medium (ac. to Noll & Weber, 1934). See text p. 44. 

Preparation: Myosin thread (top cun^e). 

Cross striated muscle fibre (bottom curve). 

Abscissa: Refractive indices of the embedding media. 

Ordinate: Birefringence measured with the preparations embedded in the various 
media. 


index of the mediurn is equal to that of the micellae. In that 
case the form birefringence is zero and the total birefringence 
is solely determined by the crystalline birefringence of the 
micellae. Stiibel, however, also found a negative birefringence 
in the muscle fibres caused by lipoid substances, but later in- 
vestigators i. a. Noll & Weber (1934) have been unable to con- 
firm this observation. 

0. Wiener (1909) has elaborated the mathematical theory 
of the form birefringence, and Ambronn (1916) has confirmed 
this theory. In 1929 K. H. Meijer has given an excellent sum- 
mary of the structure and chemistry of the micellae and related 
problems, w’hich are of special interest to biologists. 

The interest in birefringence investigations of muscle tissue 
was rene-wed -w'hen in 1930 Edsall succeeded in preparing a 
pure myosin solution, and when, later on, i. a. Boehm & Weber 
(1932) were able to prepare myosin threads. Noll & Weber 
(1934) concluded that the minute structure of the myosin 




■15 


threads is the same as that of the A-segments of the imjsctc 
fibres as great conformity exist cs])ccially with regard to cry- 
stalline and form birefringence. As Stfibcl they used the im- 
bibition method, the technique, however, being improved ac- 
cording to If, J. Schmidl (I'.irM, b). IC. Fheher (1950. 1958, 
I9-14) has likewise studied t(je birefringence of the muscle 
fibres and shown that conditions are practically the same in 
myosin, in smooth muscles and in the A-segments of the cross 
striated muscles. In the two latter the crystalline birefringence 
amounts to apjiroximately 55 per cent and the form birefrin- 
gence to 05 per cent of the total birefringence. 


The change of the hirefringenre daring muscle contrnclion. 

According to liriiche (1858) the birefringence of frog 
muscles docs not change during isometric, contraction; the 
same observation was made by IJrrinann (1880) while Vnlrn- 
tin (1880) found that the anisolrojw decreased to zero during 
isotonic contraction. V. Khner (1882, pp. 89 — 95) found that 
the anisotro})y decreases tcmjmrarily during isotonic muscle 
contraction, while Exncr (1887) did not observe any change. 
Several investigators, i. a. d' Ancona (1951) and W. J. Schmidt 
(1957, p. 205), have later on been n!)le to confirm the ‘‘negative 
Schwankung dcr positiven Doppelbrechung” mentioned by Vo- 
Icniin. It is particularly v. MtiraU’s work in Ibis field (1952-— 
1955) which deserves to be emphasir.ed. By means of his ex- 
perimental arrangement he could at the same lime record the 
change of birefringence and the variation of tension during 
contraction photographically. In the frog muscles examined 
he found a decrease, of the birefringence up to •!() per cent 
during isometric contraction with two minima, “Anspannungs- 
schwankung” and “Erschlaffungsschwankung”; he supposed 
that it was the crystalline birefringence which changed. Accor- 
ding to E. Fischer (1950, 1958, 19M) the change of the bire- 
fringence during contraction is dependant on the initial length 
of the muscle, and this fact is probably the explanation of the 
differing results obtained by earlier investigators. liozlcr & 
Cottrell (1937) confirmed v. idnrall's observations, but they 
also found a certain dependence on the initial tension; they 
suggested that the change of the bircfringctice during contrac- 
tion was in the first place due to a change of the length of the 
muscle. 
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Buchthal & Knappeis (1938) emphasized the objections 
against the use of -whole muscles for quantitative determina- 
tions of birefringence, as that — on account of the structure 
of the muscle — would mean experimental conditions which 
would vary far too much. They also emphasized the sources 
of error prevailing when working with fixed muscle fibres; 
shrinkage, alteration of the ratio A : I. They themselves only 
used li-ving, isolated frog muscle fibres and, as y. MiiraU, 
they observed the birefringence to decrease during contrac- 
tion and to amount to 15 — 30 per cent. If the muscle is 
poisoned -with monoiodoacetic acid the birefringence does not 
decrease during contraction. After a prolonged series of con- 
tractions the birefringence remains low for some time and 
at the same time the content of lactic acid in the muscle fibre 
is increased. If lactic acid is added to the Ringer solution 
surrounding the muscle fibre a decrease of birefringence %\ill 
likewdse occur. These investigators considered the change 
of the birefringence to indicate a combination of proteins of 
the muscle fibres with acid and not to be a specific effect 
of anions. 


Roentgen-spectroscopical investigations. 

In 1926 Herzog & Jancke by an X-ray-spectroscopical ex- 
amination of dried frog muscles confirmed that the arrange- 
ment of the molecules of the micellae must be crystalliform 
and that this crystalline property increases on drying or on 
stretching of the muscles. Later, when the knowledge of 
X-ray-diffraction patterns had been increased and the tech- 
nique improved (Frey, 1928; Boehm, 1931; Astburij, 1934; 
Freij-Wijssling, 1938) especially WebeFs (1934, b) investiga- 
tions on myosin threads further elucidated the minute struc- 
ture of the myofibrils. Weber found that the individual 
micella consists of 10—20 "Hauptvalenzketlen”, the distance 
between the latter is about 1 m/x. The micella itself is 
about 1 ni/x thick, 50 — 100 nifi long, and the distance be- 
tween the indi\idual micellae is only a few m/x. The correct- 
ness of WebcFs calculations has been questioned by F. 0. 
Schmitt (1944). By X-ray analysis Astbury & Dickinson 
ascertained consistency behveen the structure of the micellae 
in living muscles, in myosin threads and in keratin. When 
the muscle fibre has its normal length the protein molecules. 
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which are parallel to each other, are half folded; during stretch 
the molecules are straightened out, during contraction they 
become further folded, but their arrangement parallel to each 
other remains fairly unchanged. 


Other optical properties of muscle tissue. 

Thanks to the alternate anisotropic and isotropic cross 
striae the muscle fibre behaves as an optical grating, e. g. as 
a Rowland grating, and when monochromatic light of known 
wave length is used it is possible on the basis of the spectrum 
to calculate the grating constant, i. e. the height of compart- 
ment. Ranvier (1874, b) already knew the diffraction spectrum 
of the muscle, and later on it has been examined by Bern- 
stein (1895), Nicolai (1936) and Sandow (1936). As already 
mentioned Buchthal & Knappeis (1940) showed — on the 
basis of the diffraction spectrum — that the cross striation 
of isolated, living frog fibres is not helicoidal. By analysing 
the caudiform expansion of the spectra, which is due to a 
diffraction phenomenon in the longitudinal structural elements 
of the fibres, Buchthal & Knappeis could show that the 
micellae are not arranged absolutely parallel to each other 
in resting muscle fibres at equilibrium length, but they be- 
come parallel both during stretch and during contraction. 

Buchthal, Knappeis & Sj0strand (1939) likewise examined 
the absorption and diffraction of the light by single muscle 
fibres. The light absorption of the muscle fibres is very low, 
it is not altered by stretching the fibres, but it is increased 
during contraction, a fact which is indicative of the different 
changes of the minute structure during extension and con- 
traction respectively. The diffraction of the muscle fibre 
shows that the structural elements which cause the diffrac- 
tion, i. e. the micellar bundles, have a diameter which is larger 
than the wave length of the light. Such investigations have 
also been performed on whole muscles, i. a. by v. Baeyer & 
V. Muralt (1935) and by Schafer & Gopfert (1937), but here 
the experimental conditions become less exact on account of 
the complicated muscle structure. 
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The mechanical and thermo-elastic properties of the muscle 
fibres. 

The thermo-elastic properties of muscle fibres indicate 
that the viscous-elastic system of the muscle fibre consists 
of flexible molecular chains, the orientation of which be- 
come absolutely uniform, "crystalline”, when the fibres are 
stretched, while contraction results in folding of the chains 
and a subsequent development of a more amorphous struc- 
ture. Investigations in this field which may be mentioned are 
i, a. works by Wohlisch (1931, 1940, 1941) and by Meijer & 
Picken (1937). 

The most important earlier investigations on the me- 
chanical properties of muscle fibres performed on isolated 
fibres will be dealt with in chapter V together with the author’s 
preliminary experiments on mammalian muscle fibres. For 
practical reasons the mechanical equivalent of the minute 
structure of the muscle fibres, which is based on the various 
investigations performed on living, isolated frog muscle fibres 
(Buchthal, Lindhard et al., 1936 — 1946), will also be dealt 
with in chapter V. Here it shall only be mentioned that also 
as regards the viscous-elastic properties consistency has been 
found to exist between myosin threads and muscle fibres 
(Weber, 1934, a). According to Dubuisson & Monnier (1943) 
the length-tension diagrams of freshly made myosin threads, 
examined at a pH value of 7, are qualitatively very much like 
the length-tension diagrams of isolated frog muscle fibres 
found by Buchthal (1942), but — nota bene — of contracted 
fibres, not of resting fibres, as should have been expected. 
Singh (1943), by examining myosin solutions, established the 
fact that if contraction is due to a physical change in the 
myosin molecules an alteration of the viscosity during con- 
traction and a dependence on stretch must be expected; and 
this actually holds, especially for smooth muscles. As to this 
problem further reference should be made to summaries by 
Dubuisson (1939), Ramsey (1944) and Fcnn (1945). 

All the above mentioned methods of examination thus 
shows that there is consistency between the minute structure 
of myosin and muscle. Polarization-optical and X-ray-spec- 
troscopical examinations both establish the high degree of 
orientation of the minute structure of the anisotropic segments 
of cross striated muscle fibres which is a prerequisite of con- 
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tractility. Bailey (1937) has shown that myosin is found in 
all the muscles examined by him and that its composition is 
remarkably uniform, even when taken from different species 
of animals. Thus there is experimental evidence that the con- 
tractile substance of the muscles is closely related to the 
myosin protein group. 


Correlation between the chemistry and physics of muscle 
contraction. 

The research work from the latest years has brought the 
solution of the greatest problem in muscle physiology a step 
forward — i, e. the problem of the conversion of the chemical 
energy of the muscle into mechanical energy during con- 
traction. 

Among the series of chemical actions which occur in con- 
nection with muscle contraction the break-down of adenosine 
triphosphate (=ATP) is the one which sets in first (conf. 
i. a. Lundsgaard, 1938). Engelhardt & Ljubimowa found 
(1939) that myosin is an essential link in the ATP break- 
down, it acts as ATP phosphatase. Needham et al. (1941) 
have shown that if ATP is added to a myosin solution it will 
result in reversible changes in the viscosity and flow bire- 
fringence, and according to v. Szent-Ggorggi (1945) this 
should be due to alterations in the degree of aggregation and 
hydration of the myosin particles. 

The muscle fibres contain about 0.025 per cent ATP, and 
according to Caspersson & Thorell (1942) the adenine deriva- 
tives have a specific power of absorbing ultraviolet light and 
their location in the muscle fibres have been determined by 
means of a special technique according to which absorption 
spectra of small objects can be measured. 

Buchthal, Deutsch & Knappeis (1944, 1946) examined the 
effect of ATP and closely related compounds on isolated frog 
muscle fibres. The cell membrane of the muscle fibre is 
permeable ‘to ATP. Addition of ATP to the Ringer solution 

even in very small doses — will initiate a tetanic contrac- 
tion of the muscle fibres. The birefringence . decreases, but 
the change in the birefringence does not reach maximum 
until all the mechanical changes during the contraction are 
completed and the ratio A : I has again returned to its resting 
va ue. Tetanic contraction caused by electric stimulation is 
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accompanied by an immediate decrease of the birefringence 
of 20—30 per cent, but also in this case the birefringence 
does not return to normal value until the contraction has 
long ago ceased. Thus, the slow changes in the birefringence 
are not directly correlated to the actual contraction phase, 
but are considered an expression of the restitutional processes 
in the muscle fibre. In conformity wdth this a muscle poisoned 
with monoiodoacetic acid does not exhibit any slow change 
in the birefringence during ATP contraction — or during 
contraction produced by electrical stimulation. On the other 
hand changes in the birefringence will occur in spite of lacking 
mechanical contraction tension when ATP is applied to fibres 
which do not react on electrical stimulation. The actual con- 
traction and the change in the birefringence are thus two 
functions, partly independent of each other, which seem to 
be caused by different structural changes in the protein 
molecules. 

The break-down of ATP is the first of the known energy- 
producing reactions to set in. Previously all these reactions 
have been taken to belong to the restitutional phase, the inve- 
stigations by Buchthal, Deutsch & Knappeis indicate that ATP, 
besides starting the restitution processes and causing a change 
in the birefringence, is also the factor which releases the actual 
contraction process. In the resting muscle ATP is either sepa- 
rated from the contractile substance (the myosin) or it is 
chemically linked so as to be inactive. The nerve impulse or 
the release of acetylcholine effects the contact between ATP 
and the contractile substance. Also in mammalian muscles 
in situ Buchthal and Kahlson (1944) could ascertain the con- 
traction-producing effect of ATP — by close arterial injection. 


E. Comparison bet -ween Living and Fixed 
Muscle Preparations. 

As pointed out by Hurthle (1925, p. 109) there is no other 
animal tissue than muscle tissue in which such great differ- 
ences between living and fixed material may be observed. In 
the following this fact is to be elucidated on the basis of avail- 
able literature and of own investigations; and the significance 
which should be attached to investigations performed on fixed 
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material will finally be discussed — with regard to examina- 
tions of the normal structure and with regard to pathologico- 
anatomical investigations. 

The vulnerability and lability of muscle tissue are i. a. due 
to a high water content (approximately 80 per cent). Drying 
of the muscles will result in severe shrinkage which — as 
shown hy Rubner (1922) — is much more pronounced in the 
cross diameter of the fibres than in their longitudinal direc- 
tion, when drying in air 76 per cent and 3.6 per cent respec- 
tively. The relative height of A and I is not altered essentially 
by drying (Hurthle, 1931, b). In arthropod muscles Studnitz 
(1935, a), however, found that hy alcohol fixing the height of 
A decreases more than the height of I. 

When muscles fibres are immersed in a hypotonic solution 
of neutral salt their structure will he altered — from normal 
cross striation, via StiibeVs “simple cross striation” (1920) to 
granular disintegration — according to the hypotonicity of the 
solution. In pure water the cross section of a muscle fibre will 
increase considerably, at the same time the fibre will become 
shorter and the structure will gradually be completely de- 
stroyed (Meigs, 1937, p. 1105). Towards hypertonic salt solu- 
tions muscle fibres are more resistant. Such solutions produce 
a marked longitudinal striation and in some cases result in 
“contraction nodes” (Stiibel, 1920; Zeiger & Schreiber, 1927; 
Heidermanns, 1935 and Liang, 1936). Zeiger & Schreiber 
(1927) were able to establish a rather comprehensive paral- 
lelism between the change caused by the ions in the muscle 
structure and their influence on muscle irritability. 

Increased aeidity will likewise change the structure of 
muscles — produce contractures — “Saurestarre” (Ernst & 
Kellner, 1936, c). Acids influence the birefringence (Buchthal 
& Knappeis, 1938), and an alteration of the pH level of the 
muscle fibres results in an appearance of sarcosomes (Boerner- 
Patzelts, 1929). 

The fixatives used for histological purposes will usually 
cause shrinking of the tissue, although some of them will pro- 
duce swelling. Often the fixatives will alter the acidity of the 
tissue, not only because of the actual pH value of the fixatives, 
but also because they may combine chemically with the tissue. 
This involves an alteration of the colloido-osmotic conditions 
^ring the fixing, so that e. g. precipitations may occur in 

e sarcoplasm (Pischinger, 1929, 1931). For the same reason 
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the affinity of the individual structural elements to stains vill 
never be the same in preparations in vivo and in fixed pre- 
parations (conf. i. a. Zeiger, 1930), The fixatives often have a 
directly precipitating influence on proteins besides havin" 
other specific physico-chemical effects the nature of which it 
will he outside the scope of this work to mention (see Zciqer 
1938). ’ 

As shown, i, a. by Hurthle (1909 — 1930) and Frank (1928) 
it is impossible to fix living muscle fibres in their momentary 
functional condition by means of chemical fixatives. The asser- 
tion made by Studnitz (1935, a, 1936) that chloral hydrate- 
glycerine (6 parts of a 10 per cent aqueous chloral hydrate- 
solution + 1 part of glycerine) can fix muscles without pro- 
ducing artificial alterations of the cross striation, has been 
disproved by Buchthal, Knappeis & Lindhard (1936) and Laa- 
ger (1937). The measurements which Studnitz’ pupil H. Bren- 
ner (1939) has advanced to prove the reliability of this fixing 
method cannot be accepted either, as they exhibit great dis- 
persion. 

Hurthle (1931, a, c) on the other hand stated that by freez- 
ing it was possible to fix muscle fibres in a state of rest as 
well as in a state of contraction as mentioned on p. 39. But 
even in preparations treated in this way he could not observe 
uniform cross striation. If the muscle fibres are cooled gradu- 
ally, the structure will be destroyed (Fishback & Fishback, 
1932; Ernst & Kellner, 1936, a; Speidel, 1937—1939). 

By applying various of the usual fixatives directly to living 
mammalian muscle fibres the author has been able to demon- 
strate the alterations produced by the fixing (table 1 and fig. 
5). As soon as the fixative comes into contact with the muscle 
fibres it causes a violent shortening of the fibres. During the 
shortening it is impossible to see the cross striation, and a 
wrinkling of sarcolemma may often be observed. The fibres 
relax slowly, but it may last up to V* minute until the changes 
in the preparation have subsided. When using a saturated 
solution of picric acid or mercuric chloride the structure of 
the muscle fibres becomes quite turbid, whitish and granular, 
on account of precipitation of protein. In case of formaline 
fixing the cross striation will again become visible after the 
initial “contraction”. The ratio A : I will now be almost like 
the ratio A:I of contraction (tabel 1) but in places the struc- 
ture of the fibres will appear more or less destroyed. A distinct 
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Fig. 0 . 

Muscle fibres from m. gluteus max. of the guinea pig. Magnification 400 x. 

a) Contractile muscle fibres. 

b) Same fibres immediately after application of chloral hydrate-glycerine (0 parts 
10 per cent aqueous cliloral lodrate solution -f 1 part glycerine). .Muscle fibres 
Intensely shortened with wrinkled sarcolemmn. 

c) Same fibres 2 minutes later. Irregular cross striatlon. 
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longitudinal striation with fibril bundles of various dimensions 
are often observed. Stiibel (1920) has asserted that the best 
results as to the conservation of cross striation and uniformity 
of appearance is obtained by means of rapid fixing. Mam- 
malian muscle fibres fixed by means of 5 per cent formaline- 
Ringer solution on the other hand exhibit greater uniformity 
than preparations fixed by means of 10 per cent aqueous for- 
maline solution. By fixing with chloral hydrate-glycerine (com- 
position as stated by Studnifz, 1935, a) or with chloral hy- 
drate-Ringer solution (10 per cent chloral hydrate dissolved 
in Ringer solution) an initial “contraction” followed by a re- 
laxation will likewise be produced, and in these preparations 
the cross striation also becomes altered and more varied than 
in vivo (table 1). Experiments in which mammalian muscle 
fibres were fixed by freezing with liquefied air and exsiccated 
in vacuum did not give better results, but likewise irregular 
cross striation and localized destruction of the structure. 

Consequently no method exists according to which living, 
contractile muscle fibres may be fixed in their momentary 
functional state. The structural changes in the contractile sub- 
stance of the muscle fibres produced by fixing is not the same 
— or at any rate not constantly the same — as the structural 
changes during contraction. 

When fixing is postponed until the muscle fibres have lost 
their irritability the above mentioned changes in the contrac- 
tile substance will be less pronounced (conf. table 1) and the 
preparations will exhibit a more uniform histological appear- 
ance. But of course the physico-chemical effects of the fixatives 
will, also in these preparations, cause changes. The tissue as 
a whole will shrink, the myofibrils particularly as to their 
cross dimension, so that the differences between sarcoplasm 
and myofibrils become more evident, granules appear, the 
cross membranes of the muscle fibres become more visible 
and the nuclei may become discernible. It is a question whether 
the detailed structural elements which are seen clearly in fixed 
and stained preparations are present in vivo, masked or latent, 
or whether they are merely artifacts produced by the fixing. 
A close comparison between living and fixed muscles is not 
sufficient for the solution of these problems. A detailed ana- 
lysis of the structural changes caused in the muscles by the 
different physical and chemical agents and. a more complete 
knowledge of the influence of the various methods of fixing 
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and staining would further the research work dealing \Nith the 
details of the structure of muscles. 

As -mentioned above ''a number of investigations on the 
alterations produced in the muscles by chemicals is already 
available. Abnormal changes in the contractile substance may 
also be produced — and graduated — by electrical stimulation 
of muscle fibres {Stiibel, 1920; Ernst & Kellner, 1936, b; Spei- 
del, 1939; Meneely, 1939). By performing experiments on 
muscles fibres in vivo (Speidel, 1937—1939; Meneely, 1939) it 
has been possible to decide whether the changes produced are 
reversible or repairable. In the tail muscles of the tadpole 
in vivo Speidel could thus produce “contraction nodes” in 
which 5 — 20 compartments exhibited an intense contraction 
(shortening of 40 per cent or more). These contraction nodes 
were able to travel along the muscle fibres as peristaltic waves 
at a speed of 70 /x per sec. The changes were thus reversible. 
In case of more violent “contraction” of the fibres a “retrac- 
tion cap” was formed in which the cross striations became 
concentrated and, in pronounced cases, disappeared complete- 
ly, resulting in a homogeneous birefringent section in w'hich 
the longitudinal striation had also vanished. The consistency 
of the tissue becomes harder, and the diameter of the fibre is 
often increased by these “retraction caps” or “clots”. Thus 
we obtain a picture of a hyaline degeneration. Such structural 
changes have been described under many different names; 
waxy degeneration {Zencker, 1864), “maximal kontrakticrle 
Wiilste” {Thorna, 1906 — 1910), “simple, terminal, traumatic, 
waxy alteration” (Jamin, 1925, pp. 542 — 550) — to mention 
a few of them. What happens here is a contracture of the 
muscle fibres (conf. Gasser, 1930) which also corresponds 
to Ramsey’s & Street’s “8 state” (1940). As already mentioned 
it is impossible to distinguish between contraction nodes and 
retraction nodes. The latter are, however, irreversible, but 
repairable. In muscles in \ivo they may be replaced by normal 
cross striation 3 n the course of a few' hours* (^Spctdcl, 1939). 
Meneely (1939) found that these changes are reversible as 
long as the cross striation in the retracted parts can still be 
distinguished. 

Thus fixing of the muscle fibres may also give rise to 
misinterpretations within pathologico-anatomical research. 
When performing muscle biopsies it is far too frequently 
forgotten that an artificial hyaline degeneration may be caused 
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if the muscle fibres are fixed while still contractile. Fixing 
of living muscle fibres may also produce “granular disintegra- 
tions”, “vacuolar degeneration” or “fibrillar splitting”. Even 
if the fixing has been performed lege artis this kind of 
artifacts may occur at muscle biopsies, as it is impossible 
completely to avoid mechanical lesions of the tissue during 
the excision. There is no doubt that many cases of degenera- 
tion of the muscles described have actually been artifacts. 

The muscle fibres are very vulnerable to mechanical in^ 
fluences; this is an experience gained in abundance when 
isolating living muscle fibres. At high degrees of stretch a 
displacement of the myofibril bundles parallel to each other 
may take place, at further extension a granular disintegration 
of the contents of the fibres will occur. The fibres can stand 
being stretched 100 per cent before the structure is destroyed. 
The displacement of the fibrils has, however, the effect that 
it becomes more difficult to measure the ratio A : I at higher 
degrees of extension. 

If the sarcoiemma is damaged a local contracture or “re- 
traction node” is at once formed, see fig. 6. When the muscle 
fibre is cut through a “retraction cap” will at first be formed 
at the place of the lesion and the contents of the fibre will 
retract fairly rapidly and become wholly destroyed (Thoma, 
1906 — 1910; Fishback & Fishback, 1932, and Speidel, 1939). 


The stainabilitg of muscle tissue. 

When muscle fibres are fixed in a state of rest the 
anisotropic segments will always be stained more intensely 
than the isotropic segments and this is the case whether acid 
or basic stains are used. With regard to several stains, e. g. 
Heidenhain’s iron alum hematoxylin, the difference between 
the stainability of A and I is not qualitative, but quantitative, 
as the boundary between cross striae of darker and lighter 
colours may vary according to the duration of the differenti- 
ating period during the staining — as emphasized i. a. by 
cigrs (1908) and Hurthle (1931, c). These conditions have 
been verified on mammalian muscles. 

When dealing with muscle fibres fixed and stained while 
e so ca e contracted” condition there is no agree- 
ment among investigators with regard to the stainability of 
different cross striae. Studnitz (1934, 1935, a) has sum- 
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Fig. 6. 

Injured muscle fibres from m. gluteus mnx. of the guinea pig. 

a) Lesion of sarcolemma has produced localized “contraclloir* of the fibre con- 
tents. Magnification *100 X. 

b) Localized lesion with typical “retraction node’*. Magnification 7r>0 x. 


juarized the results of previous invcslignlions, the usual con- 
ception having been that the stainabilily of A decreases while 
that of I increases during contraction, so that in contracted 
fibres the colour of I and C respectively is the most intense. 
This should apply to acid as well as to basic stains. Sliulnitz, 
(1935, a) himself, however, found that the stainability of A 
as well as that of 1 increases during contraction in such a 
way that the colour of A is always darker than that of I, only 
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in case of maximum contraction, when contraction bands 
(= C) are formed, may the stainability be reversed. 

The interpretation of these alterations in the stainability 
is very difficult as there are so many factors which have a 
bearing upon the staining of muscles. Not only the myofi- 
brillar structure, but also sarcoplasm and granules may be 
stained. The stainability further depends on the density of 
the tissue as well as on the electrostatic potential of the tissue 
(Pischinger, 1926, 1927; Zeiger, 1938, pp. 39 — 44), and the 
electrostatic potential may in turn vary according to the 
fixative used {Zeiger, 1930). Consequently parallelism be- 
tween stainability and birefringence of the tissue is not always 
found. Staining of muscle preparations may thus give rise 
to misinterpretations. On the other hand there are many real 
structural elements which only become visible in stained 
preparations. It applies to staining as well as to fixing that 
only with a very thorough knowledge of the action of the 
various stains and fixatives is it possible to realise the actual 
character of the structure. 



CHAPTER II. 

METHOD AND MATERIAL. 

A. Method. 

The technique used for the isolation of living muscle fibres 
is worked out on the basis of the method used by Brown & 
Sichel (1930), Asmussen (1932— 1936) and Buchthal ct al. 
(1934 — 1946) in their experiments on muscle fibres of the 
frog. 


Narco tization . 

The animals used are narcotized with a 20 per cent 
aqueous solution of urethane, I cc. subcutaneously per 100 g. 
of body weight. By this method of application, narcosis, which 
occurs in the course of 1 hour, will generallj’^ last several 
hours and may be prolonged for more than 8 — 10 hours by 
a subsequent, smaller injection. 

The direct or indirect irritability of the muscles is not 
influenced essentially by urethane narcosis, but urethane 
cannot be used in experiments in which an absolutely intact 
irritability of the motor end plates is required, e. g. in acetyl- 
choline experiments. In that case chloralose narcosis is more 
convenient, the spinal reflexes being then preserved during 
the narcosis (Dijbing, 1941, p. 59). In my experiments, in 
which exclusively electrical stimulation was used, chloralose 
narcosis held no special advantages. The survival of the 
excised muscle preparations proved to be no longer in case 
of chloralose narcosis than in urethane narcosis. 
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Gum arabic-Ringer solution. 

Immediately after excision the muscle is placed in Locke’s 
solution modified as follows: 


NaCl- 

KCl 

CaClj (anhydrous) 
Glucose 

and gum arabic 
+ NaHCOg 

or polyviol Am. 

+ NaHCOg 


8.5 g. per 1. 
0.42 g. per 1. 
0.24 g. per 1. 
0.40 g. per 1. 
60 g. per 1. 
0.56 g. per 1. 

20 g. per 1. 
0.38 g. per 1. 


Gum arabic or polyviol Am. has been added to the solution 
to maintain the correct physiological colloido-osmotic pressure 
— about 350 mm. water column — and NaHCOg is added in a 
quantity which secures correct pH value (7.3 — 7.4) at 37 — 
38'’C. when a flow consisting of 99 per cent by volume of 
oxygen and 1 per cent by volume of carbon dioxide is con- 
stantly bubbling through the solution. The purpose of this 
constant addition of oxygen-carbon dioxide is in the first place 
to prolong the survival of the muscle preparations — by the 
admission of oxygen — and secondly to maintain the correct 
acidity of the solution — by means of the constant COj-ten- 
sion. 


Dialysis of the gum arabic solution. 

The commercial gum arabic has an unknown content of 
salts — e. g. of potassium qnd calcium ions — it is therefore 
necessary to dialyze it. 

150 g. gum arabic is dissolved by heating in a water bath 
in 1 litre Ringer solution of the following composition: NaCl 
8.5 g. per 1., CaCl^ (anhydrous) 0.24 g. per 1. and KCl 0.42 g. 
per 1. By centrifuging particles not dissolved are sedimented 
and after decanting the solution is dialyzed in "Dupont de 
Nemon” cellophane bags for 30 hours against a Ringer solution 
with the same content of salts. During the dialyzing the exter- 
nal liquid is kept constantly agitated by allowing air to bubble 
through it, and it is repeatedly exchanged, an aggregate 
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amount of 30 — 40 litres of Ringer solution being used for 
dialyzing 150 g. gum arabic solution. The concentration of {he 
gum arabic solution usually decreases from 15 per cent to 11 
—12 per cent during the dialysis on account of diffusion of 
water. This alteration of the concentration is determined by 
a Pulfrich refractometer and the solution of gum arabic is 
diluted with Ringer solution to such an extent that the final 
concentration of gum arabic is 60 g. per 1. 


Adjustment of the pH value of the gum arabic-Ringer solution. 

pH-determinations are carried out by means of a glass 
electrode in connection with a “Radiometer” valve potentio- 
meter, type P.H.M.3. 

The gum arabic-Ringer solution has a fairly high acidity 
— pH = 4.2 — 4.6 — varying according to the stock solution of 
gum arabic used, for which reason it is necessary for every 
new stock to determine the amount of NaHCOg which must be 
added to the solution in order to obtain a permanent pH value 
of 7.3 — 7.4 at 37 — 38‘’C. during constant admission of oxygen- 
carbon dioxide; usually a concentration of 0.6 g. NaHCOg pr. 1. 
is required. After addition of NaHCOg a flow of oxygen and 
carbon dioxide should be bubbled through the liquid for at 
least 5 minutes for the pH value to become constant. If the 
solution is left without addition of oxygen-carbon dioxide it 
becomes more alkaline; when the solution has been left at 
room temperature for 24 hours the pH value has been mea- 
sured to be 8.0. The pH value changes slightly with changing 
temperature, a solution which has a pH of 7.20 at 20°C. has 
at 38°C. a pH of 7.35. 

The required quantity of NaHCOj is not added to the solu- 
tion until immediately before the latter is to be used, and the 
glucose, which serves as nutriment, is likewise added at this 
time, the quantity being only 0.40 g. per 1. 


Polyviol-Ringer solution. 

Another substance of very high molecular weight, polyviol 
Am. (a chemically well-defined poly\inyl alcohol) is more 
convenient for these experiments than gum arabic. Poljwiol 
Am. has a colloido-osmotic pressure of abt. 350 mm. water 
column in a 2 per cent solution, it does not require dialyzing. 
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but may be dissolved directly in the Ringer solution. Before 
NaHCOj is added the polyviol-Ringer solution usually has a 
pH value of 6.4 — 6.6. The NaHCOg concentration generally 
used is 38 mg. per 100 g. 


Temperature control. 

The temperature in the muscle chamber is measured 
thermo-electrically by means of a thermo-couple of special 
design and a sensitive galvanometer (Buchthal, H0ncke & 
Lindhard, 1944). The thermo-couple consists of a 0.5 mm. 
diam. cannula of stainless steel (V2a) to the point of "which 
a 0.1 mm. diam. constantan filament is soldered — the con- 
stantan filament being insulated and passing through the hol- 
low of the cannula. This needle thermo-couple is placed in the 
muscle chamber while the so-called “cold” junction is placed 
in a Dewar flask at a constant temperature, which is checked 
by means of a sensitive thermometer. The thermo-electric cur- 
rent is measured by a Hartmann & Braun moving coil light 
spot galvanometer: 5.7 of the scale units correspond to a tem- 
perature difference of 1°C. between the two junctions. 

As far as possible the muscle preparations are kept at a 
temperature of 37 — 38'’C. The rectal temperature of the guinea 
pig is about 38°C. The preparation dish with the excised muscle 
is placed in a electric thermostat (Heraeus type R. T. 360) and 
while the muscle fibres are prepared they are heated by radiant 
heat from two microscope lamps. The usual mechanical stage 
of the microscope has been replaced by a self-adjusting, heated 
stage (E. Leitz. 362). 


Preparation technique. 

After excision the muscle is placed in a shallow Petri dish 
with gum arabic-Ringer solution through which a constant 
flow of oxygen-carbon dioxide is passed. Two strips of cork 
are attached to the bottom of the Petri dish and the muscle is 
fixed by stainless insect needles to these strips. Under a bin- 
ocular microscope, magnification 28—70 X, a small bundle of 
muscle fibres is first isolated by means of a pair of modified 
iridocjclitis scissors (designed for this purpose by F. Buchthal, 
see Lundin, 1944, p. 11), a pair of delicately pointed tweezers 
and various fine preparation needles, i. a. a metal -wire, dia- 
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meter 100 (i, with a sharply ground point and attached to a 
glass tube. While performing the preparation it is convenient 
to support the hands on a couple of sand bags. The muscle 
fibres are sensitive to even light pressures — a slight touch 
with a needle may be sufficient to destroy the structure. Only 
at the tendons it is possible to catch hold of the muscle fibres 
without causing any damage. Care must likewise be taken 
never to expose the fibres to excessive tension. Consequently 
the preparation cannot be done merely by carefully removing 
strands and fibrils of connective tissue by needles, it is also 
necessary to cut them by scissors. When removing the muscle 
fascia and coarser strands of connective tissue it is most con- 
venient to use direct illumination; for the, subsequent isolation 
of the smaller fibre bundles transmitted illumination is, how- 
ever, required. When isolated, the fibre bundle is transferred 
to the muscle chamber (fig. 7) where two adjustable metal 



Fig. 7. 


Muscle chnmhcr, (Acc. to Buchthal & Knappeis, 1010). 

Cl and C-: adjustable metal clamps for nttncblng the tendon ends of the prepn- 


rntlon. 

M: micrometer screw for Adjusting one mctnl cinmp. 

F: celluloid frnnie secured to the slide nnd constituting 


the three wnlls of the 


muscle chnmhcr. 


clamps fix the tendon ends to the slide; the clamps are in- 
sulated and by means of sockets they may be connected to 
wires from an electric stimulator. By means of a niicroinelcr 
screw one of the clamps may be adjusted very accurately so 
as to stretch and relax the fibres. The final and most delicate 
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preparation procedure is performed after the preparation has 
been placed in this chamber — also under a binocular micro- 
scope and with transmitted illumination. Then the preparation 
is covered with a cover glass and as the slide is fitted with a 
0.45 mm. high celluloid frame the preparation is thus enclosed 
in a chamber filled with gum arabic-Ringer solution. A little 
lanolin or vaseline on the celluloid frame will prevent the 
Ringer solution from escaping. During the actual experiment 
- the -chamber is secured to the heated stage of the microscope 
and consequently kept heated as described above. 


Optical system and photographical technique. 

For the photographic recording the following objectives 
have been used: 

Objective Zeiss B 16 X (NA: 0.40). 

— - Epi 40 X (NA: 0.65). 

— - D 40 X (NA: 0.65). 

— - 70 X apochromatic, water immersion 

(NA: 1.25). 

The Zeiss objective Epi 40 X is particularly suitable for the 
investigations described, i. a. on account of its large free work- 
ing distance. 

Microphotography has been performed either by means of 
a Zeiss “Kolibri Phoku” camera (eyepiece 10 x) or by a Leica 
camera with Leitz “Micro-attachment” with compensating 
eyepiece 10 X. The negative films used are Agfa tone negative 
film “Special”, and Ilford “Selo H3q)ersensitive” which are 
both of them fine grain films giving relatively sharp bound- 
aries (conf. Buchthal, Knappeis & Lindhard, 1936). The magni- 
fication of the negative films will appear from table 2. 


Objective 

Magnification of Photo 

16 X 

40 X 

70 X 

Leica (Eyepiece 10 x) 

Phoku (Eyepiece 10 x) 

rail camera (Eyepiece 9 X) .. 

. . 46 X 
. . 77 X 

121 X 
202 X 

72 X 

236 X 
395 X 


Table 2, 

Magnification of object on negative films with the various optical systems used. 
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The light source has been a “Universal Microscope Lamp 
Lux S” according to Romeis with an Osram focus lamp, type 
2G, and an Osram high pressure mercury lamp, tj-pe HBO, 
with a horizontal candle power of 3000 Hefner candles and a 
luminous flux of abt. 25.000 lumen. The latter had to be placed 
in a box behind a thick plate of safety glass as a protection 
against explosions and was cooled by a continuous flow of air 
from a vacuum cleaner. After hawng passed a container with 
cooling water the light is concentrated on the plane mirror of 
the microscope by means of two converging lenses of 5 dioptres 
and a diameter of 14 cm. The microscope was fitted vith a 
centred Zeiss condenser (NA; 1.4). It was frequently more con- 
venient to use the condenser without front lens. A light source 
of high intensity was required as exposures longer than 1/25 
— 1/10 sec. resulted in blurred pictures in the contraction ex- 
periments. 


Measurement. 

The microphotographs are measured on the negative films 
by means of an eyepiece screw micrometer (C. Zeiss). The 
cobwebs of the eyepiece can be adjusted by a micrometer 
screw and the movements can be read on the graduated barrel. 
The eyepiece micrometer is fitted with an adjustable front lens 
to be able to focus the cobwebs and the image of the object 
without parallax. The magnification of the micrometer eye- 
piece is 7 X. It is used in connection with a Zeiss objective 
with a magnification of 2 X, the total magnification used thus 
being 14 x. The total magnification used for measurements 
and photographs appears from table 3. 


Objective 


CO divisions 

1C X 

40 X 

70 X 

Measured directly 

. . . 2.47 

G.47 

12.41 

Pleasured on Leicn photo 

(Eyepiece 10 x) 

... 15.7 

41.0 

80.2 

Measured on Phoku photo 

(E^’cpicce 10 x) 

. . . 20.3 

08.7 

134,5 

Steasured on fall camera photo 
(Eyepiece 9 X ) 

. . . 

24.0 



Tabic 3. 

Totnl magnification of the object ^\*bcn nicanurlng directly or on the vnrIou!i ncfta- 
live fUnifi. 
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For each muscle fibre ten A- and ten I-Iayers are measured, 
that is altogether ten compartments. The layers measured are, 
as far as possible, adjacent layers whereby more accurate re- 
sults are obtained and the work is facilitated because the num- 
ber of readings is reduced. Accuracy of measurements and con- 
trol experiments are dealt with in chapter III. 


Electric stimulation. 

The electric stimulation is performed cither by faradic 
current from a Dubois-Rcymonds inductor with a primary vol- 
tage of 4 — 6 V. or by rythmic discharges from a condenser in 
an apparatus designed by Lange (1931); rectangular current 
impulses of a duration of 1 msec, from a thyralron generator 
have also been used — especially for experiments on single 
contractions. To obtain tetanic contraction of mammalian 
muscles frequencies of more than 80 cycles per sec. are re- 
quired (conf. chapter V). The strength of the stimuli is chosen 
so as to obtain maximum single contraction, but as near as 
possible to the threshold value in order to avoid unnecessary 
lesion of the muscle fibres. 

The stimulation is transmitted to the two tendon ends of 
the preparation through the adjustable metal clamps of the 
muscle chamber; local stimulation is also applied by specially 
designed micro-electrodes consisting of a 40 p. diam. nickel- 
chromium wire fitted in a pointed capillary tube, tbewire being 
slightly retracted wdthin the opening of the capillary. A small 
amount of Ringer solution will penetrate into the capillarj' 
producing the required contact. By means of a micro-manipu- 
lator the electrodes are placed on the isolated fibre bundle or 
individual fibre. When such local stimulation is employed the 
stimulation of the muscle fibre is direct, otherwise it has al- 
ways been indirect — i. e. via motor nerve fibres or motor end 
plates. 


Investigation on muscle fibres in situ. 

For the investigations on muscle fibres in situ m. obliquus 
abd. intern, has been used. During these experiments the nar- 
cotized guinea pig is placed on its back on a small operating 
table in front of the microscope so as not to interfere wdth the 
1 umination of the microscope. The stage of the microscope 
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is replaced by a 4 by 4 cm. object support with rounded edges 
and fitted with a large illumination diaphragm. It is covered 
with a glass plate with a central, cylindrical glass chamber 5 
mm. high and 12 mm. in diameter, serving as a support for the 
isolated muscle bundle. The abdominal wall of the guinea pig is 
opened by a U-shaped cut following the linea alba, proceeding 
from there laterally, partly below the curvature and partly 
proximal to the symphysis. In beforehand the skin, m. obliquus 
abd. extern, and the coarser strands of the superficial fascia 
of m. obliquus abd. intern, have been removed from a small 
circular area of the lateral part of the abdomen. The abdominal 
wall is folded back, the exterior surface of the abdominal 
wall resting on the stage; in this way the exposed part of m. 
obliquus abd. intern, is made to rest across the cylindrical 
glass chamber. The flap of the abdominal wall is secured by 
means of a pair of clamps placed in the two holders of the 
micro-manipulator. By these holders it is moreover possible 
to adjust the preparation as required, stretch and relax the 
muscles etc. Except at the circular area, the abdomen and 
the internal surface of the opened abdominal wall are covered 
by paper lint moistened vsdth gum arabic-Ringer solution. 
M. transversus abd. is removed from this area and the fibres 
of ra. obliquus abd. intern, are excised till only one layer 
remains, often a small fibre bundle is completely isolated. 
The preparation is kept moist by continuous instillation of 
gum arabic-Ringer solution of body temperature. The muscle 
bundle is kept warm by a carbon filament lamp. Electric 
stimulation is applied by micro-electrodes fitted in the two 
other holders of the micro-manipulator. 

In such preparations the abundant vascularisation of the 
muscle with capillary loops along the individual muscle fibre 
appears very clearly. By wwking very carefully and when 
not attempting to isolate very small fibre bundles it is possible 
to keep the circulation completely intact, but this can only 
be done at the cost of the distinctness with which the cross 
striation is seen. Hemorrhage causes a good deal of difficulties 
in tliese experiments, but by avoiding larger vessels and by 
frequently rinsing with gum arabic-Ringer solution it is 
possible to keep the field fairly free from blood cells. 

This method is more difficult than isolation of muscle 
fibres from excised muscles. It may f. inst. prove rather 
difficult to keep the preparation in a sufficiently fixed position 
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as respiratory movements are often transferred to the prepara- 
tion in a purely mechanical manner and perhaps also on 
account of co-innervation. Further, it is more difficult to 
obtain completely reproducible and well-defined experimental 
conditions, f. inst. for the determination of the equilibrium 
length of the individual muscle fibre. For this reason the 
method is not used as standard method, although the muscle 
fibres must be said to function under more “natural” con- 
ditions than when excised. 


Measurement of the birefringence of muscle fibres. 

For the quantitative determination of the birefringence of 
muscle fibres a Bahinet’s quartz wedge compensator is used. 
By means of this apparatus it is possible to measure the phase 
difference v/hich Viill occur when the light passes the muscle 
fibre which is placed between two nicols (.Ambronn & Frey, 
1926, p. 60). When the diameter of the muscle fibre is 
also measured the birefringence may be calculated from the 

formula: (na“no)= ^ . The birefringence (na~no) is ex- 
pressed by the difference between the refractive indices of 
the anisotropic substance for the extraordinary ray (na) and 
the ordinary ray (no), d denotes the thickness of the object, 
?. the wave length of the ligth employed and v the phase dif- 
ference between the two rays. The phase difference measured 
(r = Y^) is expressed in m/i, the value of the wave length 
employed in mp. (for green light X = 546 mp) being substituted 
in the formula. The phase difference is thus proportionate to 
the birefringence and the thickness of the object. In the 
Babinet’s compensator eyepiece two equal-angled quartz wedges 
may be moved in relation to each other so that they form a 
disc with plane-parallel sides of variable thickness. The axis 
of one wedge is at right angles to the edge, the axis of the 
other is parallel to the edge. If the Babinet’s compensator is 
placed in a diagonal position between the crossed nicols a 
dark interference line is seen at the place where the Uvo quartz 
wedges are of the same thickness, therebj’’ compensating the 
phase differences of each other. If a birefringent substance, 
e. g. a muscle fibre, is placed on the stage in a diagonal position 
tn nicols and parallel to the Babinet’s compensator 

e m erference line will be displaced proportionate to the 



phase difference of the object, to the right or to the left 
dependant on -whether the anisotropy of the object is positive 
or negative. The deviation of the interference line is com- 
pensated for by altering the adjustment of the compensator 
eyepiece, i. e. altering the thickness of the plane-parallel quartz 
disc; in this -way a measurement of the phase difference is 
obtained. To obtain absolute figures — in m^ — for this value 
the apparatus is calibrated by means of objects of known 
phase difference — i. e. selenite plates the thicknesses of 
■which correspond to — Vs — 1 and 2 The fact that the 
muscle fibre consists of alternate layers of isotropic and 
anisotropic substances does not influence the measurements 
as the Babinet’s compensator gives a constant phase difference 
for an infinitely thin segment of the object. 

Fig. 8 shows the optical arrangement (conf. Biichibal & 
Knappeis, 1938). The light source is the previously mentioned 
high-pressure mercury lamp. The monochromatic light chosen 
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Fig. S. 

Opticiil nrrnngcnicnl for hirrfrlngrncc experiments (ncc. lo Ilnchfhoi X Knappeit* 
1938 ). 

A nnd Vo: crossed nicols, nnnlyscr nnd polnrlr.er respectively, 
n: Bahlncrs compensator eyepiece. O: objective. 

K: condenser. S: microscope mirror. Pr: prepnrntion. 
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is that of the green mercury line corresponding to X = 546, 
a green glass filter (Schott u. Gen., Jena) and two filters, one 
with a solution of didymium nitrate the other with a solution 
of tartrazine, being inserted between the light source and the 
mirror of the microscope. The wave length is checked by 
spectroscopy. On the microscope the polarizer (Zeiss Polar- 
isator I) is placed in the aperture of the diaphragm of the 
substage condenser, the analyser (Zeiss Analysator A) is 
secured on top of the eyepiece lens of the Babinet’s compen- 
sator, the two nicols being at right angles to each other. The 
Babinet’s compensator (Winkel-Zeiss) is in a diagonal position 
to them, and the muscle preparation is placed in the previously 
described chamber on the adjustable mechanical stage. As the 
optical axis of the muscle fibre is parallel to the fibre axis 
the preparation should be placed in a diagonal position to 
the nicols, but parallel to the axis of the Babinet’s compen- 
sator. During these experiments it is necessary to work with 
an accurately centred optical system and it has therefore been 
an advantage that the condenser was fitted with a centring 
adjustment. The objectives used were the Zeiss B 16 X and 
the Zeiss Epi 40 X . Neither the objectives nor the gum arabic- 
Ringer solution in the chamber exhibited any depolarization 
phenomena. 

For these experiments isolated, single muscle fibres and 
marginal fibres from isolated muscle bundles have been used 
and, as mentioned before, always intact, contractile fibres. 
A single muscle fibre produces a curved deviation of the 
interference line in the Babinet’s compensator corresponding 
to the cross section of the fibre, the greatest deviation occur- 
ring at the point where the fibre is thickest. When examining 
fibre bundles only marginal fibres from which superimposed 
fibres have been removed for at least two thirds, have been 
used, so that it has been possible clearly to recognize the 
maximum deviation of the interference line. The phase differ- 
ence has always been determined three times for each single 
fibre, each result is thus the mean figure of three measure- 
ments. With the experimental arrangement employed one 
division of the scale of the Babinet’s compensator corresponds 
to a phase difference of 0.924 

The thickness of the fibre and the height of the compart- 
ment are measured by means . of the eyepiece micrometer 
(Zeiss) with such a magnification that one division on the 
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micrometer barrel corresponds to 0.405 and 0.155 respec- 
tively. When measuring fibre thickness the plane in which 
the fibre appears widest and with absolutely distinct edges 
is brought into focus. As an expression of the degree of stretch 
of the fibre the length of ten compartments has been measured. 
When determining fibre thickness and height of compartment 
three different readings have likewise been taken for each 
experiment. 


Determination of the birefringence of the individual structural 
elements of muscle fibres. 

For qualitative determinations of the birefringence of the 
individual structural elements almost the same apparatus is 
used as for the quantitative determinations. During these ex- 
periments the analyser is placed in the tube of the microscope 
and the two nicols are secured at right angles to each other 
while the preparation, accomodated in the chamber on the 
rotating, mechanical stage, is adjustecT in diagonal position, 
the position in which the muscle fibres exhibit the highest 
light intensity. For these investigations monochromatic light 
(green, X = 546) is also used. The preparation is photographed 
in the usual manner, but as the light intensity is here neces- 
sarilj'^ lower, the time of exposure cannot be reduced to such 
an extent that the fibre may be photographed during contrac- 
tion in polarized light. 


Recording of the changes in the ratio A : I during single con- 
traction as a function of time. 

For measuring the changes in the ratio A : I of the muscle 
fibre as a function of time during single contraction BuchthaVs 
& Knappeis’ experimental apparatus (Buchthal Knnppcis, 
1943, a) is used. A photographic recording of 100 piclurc.s 
per sec. with an exposure of less than 0.4 msec, can be obtained 
by this arrangement. 

The light source employed is a water cooled high-pressure 
mercury lamp (Philips "Philora”, 500 V.) with a brightness 
of 33,000 stilb. and a luminous flux of 15,000 lumen. The 
light passes a water cooled collector vdlh two lenses of 20 
dioptres and after further cooling it is focused on a rotating 
disc by a converging lens. The disc, which is placed in front 
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of the condenser of the horizontally arranged microscope, has 
a diameter of 22 cm., it has two slits and is rotated by a 
synchronous motor at a speed of 3,000 r. p. m. hereby pro- 
ducing the above mentioned rate of pictures and time of ex^* 
posure. A Zeiss Epi objective 40 X and a projection eyepiece 
9 X is used, and by means of a fall camera placed at a distance 
of 5 cm. from the front lens of the eyepiece a 30 cm. long film 
strip (Agfa tone negative film, "Special”) is moved past the 
front lens of the eyepiece at a speed of 1 m. per sec., so that 
30 pictures may be recorded on each film. The magnification 
of the negative films is 72 X. By means of a special contact 
mechanism the electrical stimulation is started immediately 
when the film begins to move. In these experiments the muscle 
fibres are stimulated with rectangular current impulses of a 
duration of 1 — 2 msec. 


Investigation of the mechanical properties of the muscle fibres. 

To investigate the mechanical properties of muscle fibres 
an experimental arrangement similar to that of Buchthal 
(1942, pp. 6 — 19) and Buchthal & Kaiser (1944) is used. By 
this arrangement it is possible simultaneously and con- 
tinuously to record length, tension and stiffness of the. fibres. 
The stiffness is examined by measuring the variations in 
tension caused by periodical variations of the length of the 
fibres ( Atension/Alength). 

The experiments are performed on small bundles of muscle 
fibres, 0.1- — 1 mm. in diameter with an equilibrium length of 
4 — 12 mm. and a weight varying from 5 — 12 mg. and con- 
taining from 20 — 200 muscle fibres. The preparations em- 
ployed have always consisted of parallel fibres of uniform 
length with the fascia removed and without tendinous tissue 
embedded in the bundle. 

During the experiments the preparation is placed in a 
chamber filled with polyviol or gum arabic-Ringer solution 
(fig. 9). The chamber is surrounded by a jacket through 
which water of a suitable temperature flows to keep the 
temperature of the chamber constant at 37 — 38°C.; the tem- 
perature is checked thermo-electrically. 

The tendon ends of the fibre bundle are fixed by two pairs 
of stainless steel micro-tweezers of special design. One of 
these transmit tension by means of a condenser myograph 


Fig. 9. . 

Experimental arrangement for recording the mechanical properties of muscle fibres 
(acc. to Buchthalf Kaiser & KnappeiSt 19*14). 

1) muscle chamber. 2) pipes for circulating %vatcr of suitable temperature through 
the jacket of the muscle chamber. 3) thermo-needle for measuring tempera- 
ture in muscle chamber. 4) micro-tweezers for attaching the preparation. 5) 
condenser mj'ograph. C) condenser for recording the amplitudes of the vari- 
ations in length. 7) electro-magnetic s^'stem for producing periodic variations 
in length of the muscle preparation transmitted through one of the the mlcro- 
tweezers. 8) adjustable slide for coarser adjustment of stretch and relaxation 
of muscle fibres. 



Fig. 10. 

Condenser myograph (acc. to Buclithal, Kaiser S: Knappeis, 1941). 

8 n) micro-lwcezers. 8 b and c) phosphor-bronze springs securing parallel move- 
ments of the mlcro-twcczcrs. 9) adjustable condenser electrode which together 
with 8 b constitutes a condenser, 10) condenser electrode with electric field 
for mechanical calibrating. 
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(fig. 10), the minute displacements of two condenser plates 
caused by the tension of the attached muscle fibres being 
converted into variations in capacity. Two spring plates of 
phosphor-bronze keep the micro-tweezers in position, allowing 
only slight movements in a longitudinal direction. One of the 
phosphor-bronze plates acts as an earthed condenser plate 
which is removed slightly from the other, fixed condenser 
plate during stretch or contraction of the fibre bundle. The 
variations in capacity of these two plates, which are screened 
against external disturbances of the capacity, are by means 
of a high-frequency circuit (acc. to Zacharias, 1938) converted 
into variations in potential and are amplified by a two-stage 
d. c. amplifier for the recording of static tension and by an 
a. c. amplifier with a higher amplification factor for recording 
the variations in tension (fig. 11). The variations in potential 
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Fig. 11. 

Diagrammatic reproduction of the experimental arrangement for investigating the 
mechanical properties of muscle fibres (acc. to Buchthal, Kaiser & Knappeis, 
1944 ). 


are recorded by electrostatic mirror oscillographs capable of 
reproducing frequencies up to 3000 cycles per sec. The oscillo- 
graphs used are slight modifications of the type designed by 
Beer and employed in sound film technics. A thin reflecting 
band of light metal (0.0015 mm.) is stretched between two 
sets of solid electrodes a small distance from each other. The 
reflected ray falls upon photographic paper which is drawn 
through the camera by a synchronous motor. 

The sensitivity of the condenser myograph is uniform for 
frequencies from 0 to 800 cycles per sec., and the deflection 
of the electrostatic oscillograph is proportionate to the vari- 
ations in potential. By means of a calibrating device the 
sensitivity and linearity of the system may be checked. Dis- 











turbances caused by mechanical vibrations have been elinii- 
nated by mounting the experimental apparatus on concrete 
blocks, and control experiments have secured that no errors 
are caused by acoustic oscillations. 

Periodical longitudinal oscillations may be imposed upon 
the other pairs of micro-tweezers securing the fibre bundle, 
the tweezers being connected to the electromagnetic system 
of an ink-writer unit otherwise used for electro-encephalo- 
graphy (fig. 9). The oscillations of the electromagnetic system 
is produced by an oscillator and the frequencies used are 10 
and 100 cycles per sec. 

The equilibrium length of the fibre bundle is determined 
either by a measuring microscope or by a pair of compasses. 
Larger variations in the length of the fibre bundle is obtained 
by mo\ing the micro-tweezers, the latter and the electromag- 
netic oscillating device being both attached to a movable slide. 
The movements may either be read directly from a graduated 
scale or may be recorded photographically by means of an 
electric amplif 3 dng system in connection with an electrostatic 
oscillograph. It is thus possible simultaneously to record ten- 
sion, variation in tension and variation in length by means of 
three different oscillographs. The record is measured by a 
measuring microscope, the movable tube and stage of which 
make it possible to measure the curves in both planes with an 
accuracy of 0.01 mm. 

For simultaneous recording of length, tension and djmamic 
stiffness the condenser myograph used by Buchthal for his first 
mechanographic experiments (1942, p. 9) is employed. The 
micro-tweezers transmitting tension are more mobile in this case 
as they are held by thin steel springs. To maintain constant 
sensitivity, i. e. to keep the distance between the two condenser 
plates constant, the movable condenser plate is provided with 
a coil placed in the air gap of a powerful permanent magnet, 
exactly as in an electrodynamic loudspeaker. The stronger the 
current which flows in the coil the heigher the mechanical 
tension wall be with which the coil is drawn into the magnetic 
field. The current in the coil which results in unchanged capa- 
city in the condenser system, i. e. unchanged distance between 
the condenser plates, is a measure of the static tension of the 
muscle fibre bundle. 

In a few experiments, e, g. for determination of the varia- 
tion of the tension during single contraction, the condenser 
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myograph has been used in connection -with a cathode ray 
oscillograph with a condenser-coupled amplifier (Philips type 
G M 3156) with ^single stroke« time base. The oscillograms 
are photographed by means of a Contax camera, the lens of 
which was an "Astro Ardenne Special F. 1*’, and the negative 
film is measured by means of the measuring microscope. 
The electric stimulation of the muscle fibres is transmitted 
through the two steel micro-tweezers and is, in these experi- 
ments, produced by a thyratron stimulator which allows for 
variations of the shape, voltage, duration and frequency of the 
current impulses. Rectangular current impulses of 1 — 2 msec, 
are used. 


B, Material. 

In order to lend itself to isolation of individual muscle 
fibres a muscle must fulfil the following requirements ; a) ten- 
dinous origin and tendinous insertion, b) suitable length of 
fibres, c) uncomplicated structure, d) small amount of con- 
nective. tissue, e) easy accessibility for excision, 

a) While isolating the ihuscle fibres the sarcolemma should 
be kept intact in the whole length of the fibre. If the sar- 
colemma is cut through or otherwise injured local, irrever- 
sible changes in the contents of the fibre will immediately 
occur, and the changes will quickly spread throughout the 
fibre (conf. Jamin, 1925, pp. 542—550; Speidel, 1937—1938). 
The muscle fibre is very sensitive to pressure and to more 
pronounced stretch; it cannot sustain the grasp of a pair of 
tweezers. For this reason it is convenient to use muscles with 
tendinous origin and insertion. In that case it may be possible 
to avoid cutting through the fibres during the excision, and 
the small piece of tendon which may be preserved in connec- 
tion with each isolated muscle fibre will be convenient for 
gripping the fibre. 

b) It is technically difficult to isolate fibres the length of 
which exceeds 2 — 4 cm. It is of course possible to isolate only 
a part of their length, the remaining being protected by the 
other fibres of the bundle. But the method has several draw- 
backs in spite of the greater durability of the preparations 
obtained. The thick bundles at the ends of the preparation 
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■will require a higher muscle chamber the result of which mav 
be that the working distance of the objective is exceeded. Tlie 
isolated part of the fibre may not be in the same plane through- 
out its length resulting in defective focussing. It will not^e 
possible to adjust the tension or degree of stretch of such pre- 
parations within sufficiently narrow limits due to the greater 
tendency of the non-isolated parts to adhere to slides or cover 
glasses. Finally it is more difficult to obtain “pure” isometric 
contractions of such preparations as varying co-contractions 
and variable adhesion of the thick non-isolated parts of the 
fibre bundle will interfere. Nevertheless, it has often been in- 
feasible to isolate more than a part of the length of the muscle 
fibres, the mammalian muscles being so difficult to work with 
that isolation of muscle fibres in toto approaches the tech- 
nically impossible. 

c) It is hardly necessary to explain that a complicated 
muscular structure impedes the preparation work. It is of 
course most easy to obtain good results if the fibres of the 
muscle run parallel from tendon to tendon. Flat muscles con- 
sisting of thin layers are likewise preferable to more solid and 
thick ones. 

d) The most important consideration is to the connective 
tissue of the muscle. In cross striated mammalian muscles the 
amount of connective tissue is fairly ample — compared with 
conditions in frog muscles — and the strands of connective 
tissue seem to be much tougher and stronger in proportion 
to the muscle fibres than it is the case in muscles of the frog. 
It is a contributing cause that the muscle fibres, at any rale 
from the muscles of guinea pig, cat, rabbit and goal used, 
are on the whole thinner than those of the frog museJes. The 
consequence of these circumstances is that while it is quite 
feasible, when isolating frog muscle fibrc.s, to pull the muscle 
fibres slightly in order to loosen small fibrils of connective 
tissue, such a method would in mammalian muscles result in 
overstraining and damaging of the muscle fibres, while the 
fibrils of connective tissue would remain unbroken. When 
isolating mammalian muscle fibres it is therefore necessary 
to use cutting instruments to a much greater extent. 

In case of frog muscles it is often preferable to leave the 
isolated muscle for 24 hours in gum arabic-Ringcr solution 
at a low temperature (1 — 4'’C,); the electric irritability of the 
muscle is not altered essentially and the frequent .spontaneous 
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contractions, often met with in freshly isolated frog muscle 
fibres which may be rather inconvenient, are avoided and — 
a fact which should be particularly emphasized in this con- 
nection — a slight autolysis sets in which facilitates the sepa- 
ration of the connective tissue from the actual parenchyma of 
the muscle. It is not possible to utilize a similar autolysis in 
the case of mammalian muscle fibres. If they are excised in 
toto they remain contractile for at most 2 — 4 hours, even when 
kept under optimal conditions, and in the course of 2 — 4 hours 
the autolysis will not proceed sufficiently to facilitate isolation. 
It is also impossible to trace such effects of aiutolysis when the 
muscle is allowed to remain in situ for some time after the 
death of the animal. In situ the survival of mammalian muscles 
is even shorter, Vz — 2 hours at most (conf. Tnjde, 1861, pp. 
6—14). 

It is not only the amount of connective tissue, but also 
the innervation of the muscle which should be taken into con- 
sideration. The nerve branches with their sheaths are very 
tough and they are intimately attached to the muscle fibres at 
the motor end plates. This again means that muscles with 
highly coordinated movements which have relatively few 
muscle fibres per motor unit {Clark, 1931) and consequently 
abundant innervation are especially difficult to use when iso- 
lating muscle fibres, e. g. it proved impossible to isolate muscle 
fibres from the external eye muscles. 

e) On account of the relatively short surwval of the cross 
striated mammalian muscles it has proved convenient to keep 
the test animal permanently narcotized and excise suitable 
muscles in the order they are required. In this way “fresher” 
material is obtained and fewer test animals consumed. On the 
other hand the excision must not be too mutilating. The 
muscles to be excised must be easily accessible. 

In order to find out which muscles satisfy all these require- 
ments and which will consequently afford suitable experimen- 
tal material various test animals : white mouse, rat, guinea pig 
and cat have been examined and dissected*). It soon appeared 
that muscles from white mice and rats were too small to be 
convenient . The muscles of the guinea pig were, on the other 

*) The myology of the rodents has i. a. been described by Parson 
(1894—96). The anatomy of the rat by Green (1935), the ana- 
tomy of the rabbit by Krause (1884) and by Gerhard (1909) 
and the anatomy of the cat by Reichard & Jennings (1930). 
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hand, of a suitable magnitude, the guinea pig has consequenllv 
supplied the vast majority of the material used for the investi- 
gations described in the following. The muscles used were m. 
gluteus max., m. serratus post, and m. obliquus abd. intern. 

In the guinea pig m. gluteus maximus is not a particularly 
powerful muscle, it is only a few mm. thick, triangular, almost 
equilateral, its length is approximately IVs — 3 cm. The arrange- 
ment of the fibres is fanshaped, the fibres converging from 
the extensive, flat tendon of origin from the iliac crest and the 
sacrum to the short, but strong tendon of insertion at trochan- 
ter tertius femoris. On the superficial surface the fascia is 
fairly strong, but on the deep surface it is only thin. Vessels 
and nerves enter the muscle from the deep surface, slightly 
proximal to the caudal edge of the muscle. The muscle may 
easily he excised without hemorrhage of any importance, as 
it is superficially situated. The caudal bundles have especially 
been used — the course of the fibres being parallel from tendon 
to tendon in this part of the muscle. 

M. serratus posterior consists of very thin layers of muscle 
fibres of a length varying from Vs — 2 cm. In the individual 
slips the course of the fibres is practically parallel and the 
muscle as a whole only contains little connective tissue. When 
exciding the muscle it is somewhat difficult to get enough ten- 
dinous tissue at the end of the fibres where the slips arc 
attached to the ribs, but the muscle is fairly easily accessible; 
by cutting through the superficial flat dorsal muscles and 
pushing aside the scapula m. serratus post, will become un- 
covered. 

In the guinea pig the length of m. obliquus abd. intern, 
is up to 4—10 cm. measured along the fibres — obliquely 
medially — ventrally — proximally. Actually this muscle i.s not 
particularly well suited for isolation of excised muscle fibres, 
but it is very convenient for examination of muScle fibres in 
situ. It has been chosen in preference to m. obliquus abd. 
extern, because the connective tissue of the latter is more 
abundant and the fascia more lightly attached in m. obliquus 
abd. extern than in m. obliquus abd. intern. 

Among the muscles of the rabbit m. serratus post, is the 
most convenient. Most of the muscles of the cat have the draw- 
back that the muscle fibres are loo long. The most suitable 
experimental material from the cat is in. serratus post. M. 
Iransversus thoracis (sive triangularis slerni) is also of a 
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suitable size, has parallel fibres and a small amount of connec- 
tive tissue, but the position of the muscle on the mside of 
costae and. sternum renders it rather inaccessible. In muscles 
of more complicated structure there may be fibres of con- 
venient size and tendinous origin and insertion — among these 
may be mentioned: m. flexor carpi radialis, m. flexor digitorum 
sublimis and caput laterale gastrocnemii. In these cases, how- 
ever, the isolation of the primary fibre bundles is more elabo- 


rate. 

For the purpose of orientation an analysis of the shape and 
size of the muscle fibres of the above mentioned muscles has 
been performed. Numerous methods are described for mace- 
ration of the connective tissue for such investigations. The 
muscles may e. g. he treated 'with solutions of acetic acid, 
osmic acid, caustic potassium or the like. For the present 
investigations F. C. C. Hansen’s method has been used, it is 
recommended by Lindhard (1926) as being convenient and 
suited for the purpose. The muscle is boiled for 2 hours in tap 
water and to avoid excessive shortening of the fibres the 
muscle is left in situ by simply boiling the whole guinea pig. 
After boiling the connective tissue is completely dissolved and 
the individual muscles may easily be withdrawn and, with 
some care, split into bundles and fibres. 

Table 4 gives the result of a number of measurements of 
primary bundles arid fibres from m. gluteus max. of an adult 
guinea pig, weight abt. 750 g.; the length of the muscle from 
origin to insertion at the proximal and distal edge was 25.0 
and 18.5 mm. respectively. The aponeurosis at the origin was 
19.0 mm. wide. The vast majority of the muscle fibres of m. 
gluteus max. pass from tendon to tendon, their ends being 
blunt and rounded. The few muscle fibres "with free ends, 
■which have been found, have been fusiform "with tapering 
endings. Isolated living muscle fibres have shown no varia- 
tion in thickness along the isolated length, but by the above 
mentioned method (boiling in water) it has been found that 

e thickness of the individual fibres varies throughout the 

ength of the fibre, the observation also applying to fibres 

w 1 C pass from tendon to tendon. This finding is no doubt 

caused by the method of preparation, as . a 

has been mea height of the compartments 

?r a^on ra?! u’ the fibres the cross 

siriation is actually destroyed. 
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Length of 
Fascicles 
(in mm.) 

Length 

of 

Fibres 
(in mm.) 

Thickness of Fibres (in u ) 
Height of Compartment (in fi ) 

Shape of 

Fibre 

Endings 

12.1 

12.0 

71 — 67 — 60 - 71 

blunt 


8.0 

24 — 55 — 66 — 44 

tapering 


12.2 

40 — 48 — 40 — 49 — 48 
2,05 - 2,27 — 2,29 - 2,09 - 2,15 

blunt 


12.2 

48 — 39 — 45 — 47 
2 , 29 - 2 , 06 - 2,15 — 2,15 

blunt 


12.0 

59 — 52 — 55 — 41 — 51 
2,22 2,06 2,10 

blunt 

16.4 

15.1 

60 — 45 — 48 — 46 

2,06 1,98 

blunt 

11.9 

11.0 

46 — 47 — 48 — 43 — 43 
1,98 2,02 2,15 

blunt 


11.5 

62 — 64 — 61 — 61 — 54 
2,26 2,18 2,12 

blunt 

13.2 

12.4 

45 — 46 — 43 

2,09 — 2,21 — 2,13 

blunt 


11.4 

52 — 52 — 60 

2,15 — 2,16 — 1,40 

blunt 

10.9 

10.8 

28 — 32 — 39 — 48 

1,99 — 1,76 — 2,15 — 1,58 

blunt 


10.5 

39 — 52 — 38 — 40 

1,98 2,15 2,12 

blunt 


Table 4. 

Shape and size of muscle fibres from m. gluteus max. of the guinea pig, fixed by 
boiling. 


In m. obliquus abd. intern, a number of muscle fibres •with 
free ends was found. As also observed by Bardeen (1903) m. 
obliquus abd. extern, is on the other hand di-vided by tendinous 
septa in segments 20 — 40 mm. -wide. Between the tendinous 
septa most of the muscle fibres extend from tendinous septum 
to tendinous septum, while in the foremost part of the muscle, 
to which the tendinous inscriptions do not reach, there is a 
number of muscle fibres -with free ends. In m. serratus post, 
the fibres have alle been found to extend from tendon to ten- 
don. 

The diameters of the fibres measured on living muscle fibres 
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Tliickness of Fibres (in p.) 


o o o 

ITT 

o o o 


CO ^ ^ ^ 


oo o o oooo 
Ot-' CO'^ lO ^ 


o o 
C3 O 


Number 

Guinea pig: 

M. gluteus max. (single muscle) 5 11 11 3 

— (various muscles) 5 11 16 13 2 

M, obliquus abd. intern. ( — — )4497 6 11 

M. serratus post. ( — — ) 374111 

Rabbit: 

M. serratus post. (single muscle) 1 2 

Goat: 

M. serratus ant. (various muscles) 1 1 10 4 


Cat: 

M. serratus post. ( — — ) 2 1 1 

Frog: 

M. semitendinosus ( — — ) 6 8 24 19 24 23 21 19 25 16 18 9 5 

(Buchthal & Knappeis 1938) 


Table 5. 

Thickness of muscle fibres from various muscles of the guinea pig, various mamma- 
lian muscles and frog muscles measured on isolated living muscle fibres at 
equilibrium length. 


at equilibrium length appear from table 5. For the purpose of 
comparison BuchthaVs & Knappeis’ measurements of the dia- 
meter of muscle fibres from the frog’s m. semitendinosus 
{Buchthal & Knappeis, 1938) have been reproduced. The ma- 
terials are of course selected, hut may give an approximate 
impression of the magnitude of the fibre diameters although 
not the exact mean or correct distribution. The table also 
shows that there is no essential difference between the dia- 
meters of the fibres from different muscles from the same 
animal or from different mammals, while the fibres from the 
m. semitendinosus of the frog have a more varied and, on 
the whole, larger diameter than the fibres from the examined 
mammalian muscles. 



CHAPTER III. 


MEASUREMENTS OF THE HEIGHT 
OF MUSCLE COMPARTMENT AND OF THE 
RATIO OF ANISOTROPIC TO ISOTROPIC 
SURSTANCE AT REST AND DURING 
CONTRACTION. 

When attempting to correlate the structure of the muscle 
fibre to its function by histological investigations the attention 
should primarily be directed to the cross striation of the fibres. 
Changes in the anisotropic and isotropic layers are especially 
characteristic features of the contraction process. The tech- 
nique developed has made it possible to perform a quantitative 
determination of the variations of the height of the A- and 
I-Iayers which occur during stretch and relaxation as well as 
during contraction, an analysis which may also throw light on 
the mechanical properties of the A- and I-layers. 


Focusing. 

When using unstained preparations for histological in- 
vestigations of muscle fibres the optical image "will vary 
according to the adjustment of the tube of the microscope on 
account of the structure of the muscle fibre with alternate 
narrow cross striae of different refractive indices. This fact 
is the most important reason for the diverging views which 
have been held with regard to the cross striation of muscles, 
both as to the number of cross striae and the magnitude of 
the latter in the individual compartment as well as to the 
structural changes during contraction. 

Already Engelmann (1873) emphasized the importance of 
focusing; i. e. to obtain clear microscopical images the orienta- 
tion of the individual transverse discs must be plane-parallel 
and perpendicular to the focal plane, the illumination must 
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be centered, with the rays perpendicular to the fibres, the 
microscope tube must be focused on the centre of the muscle 
fibres, i. e. it must be adjusted in such a way that the fibres 
show sharp outlines and appear as wide as possible. The 
thicker the preparation and the narrower the cross striation 
the greater the possibility of optical sources of error. Exner 
(1887) tried to explain the diffraction phenomena, “Beugungs- 
bilder”, theoretically, and the topic has lately been discussed 
by W. J. Schmidt (1937, pp. 154 — 158). In case of high 
focusing the refraction line (Becke’s line) separating the two 
media of different refractive indices will fall within the field 
of the medium with the highest refractive index; in case of 
deep focusing it will fall within the medium with lowest re- 
fractive index. For muscle fibres this means that while in 
case of deep focusing the anisotropic substance appears dark 
the opposite may be the case with high focusing — a fact 
which was already demonstrated by Rollett (1891). W. J. 
Schmidt mentions other optical sources of error; on account 
of the grating structure of the muscle fibres afocal interference 
phenomena may occur, and the birefringence of the myofibrils 
may cause superimposed images corresponding to the two 
refractive indices. According to W. J. Schmidt the optical 
images of muscle fibres examined between crossed nicols 
should, on the other hand, be reliable. 

When examining muscle fibres in ordinary light deep 
adjustment of the tube of the microscope will give correct 
optical images, and such focusing has consequently been used 
for the following experiments — i. e. a focusing which makes 
the anisotropic substance appear dark while the isotropic 
appears light. Only in a few cases in which the optical con- 
ditions have been especially unfavourable has it been im- 
possible to obtain correct focusing. Then the A-substance has 
appeared light, the I-substance dark, and the ratio A:I has 
been measured “reversed”. Such erroneous registrations are, 
however, quite easy to recognize as in that case the assumed 
A-substance is found to be smaller than the I-substance, while 
all other measurements have shown that the A-substance 
amounts to more than 50 per cent of the total height of the 
compartment both in resting and contracted fibres. 

Otherwise, variations in the adjustment of the tube of the 
microscope will cause no errors in the quantitative determi- 
nation of the ratio A : I, as shown in table 6. Microphotographs 
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of the same muscle fibre exhibit the same ratio A : I even if 
they are made with different adjustments of the tube — and 
this applies whether the fibres are examined in ordinary light 
or between crossed nicols. Muscle fibres showing atypical or 
“complex” cross striation {Hurthle, 1909) have never been 
used, as such appearances may also be caused by spurious 
optical images or by damaged preparations. 


Sharpness of images. 

The cross striation is only measured when it appears 
sharply outlined. Measurements performed on blurred pictures 
would first and foremost result in inaccurate determinations 
of the ratio A ; I, as it is impossible to know at what point of 
the transition zone the cobweb should be placed. 

Blurred pictures may furthermore be due to relative dis- 
placement of the myofibrils, movements of the preparation 
during exposure or, of course, defective focusing. Displacement 
of fibrils results in transition zones where the light passes 
both isotropic and anisotropic layers (conf. Engelmann’s re- 
quirement: plane-parallel transverse discs perpendicular to 
the focal plane). The transition zone will become wider the 
more reduced the illumination used and the smaller the deptli 
of focus of the objective employed. In muscle fibres in which 
the cross striae have appeared curved or fairly oblique in 
relation to the cross diameter of the fibres a displacement of 
the fibrils may likewise be the explanation, for which reason 
such preparations have also been discarded. 


Accuracy of measurements. Dispersion.* ) 

The coefficient of variation (the standard deviation in per 
cent of the mean value) of the measurements of the ten com- 
partments, which have always been determined for each fibre, 


. For ma- 


*) Dispersion = standard deviation =|/ 

terials below 50 a has been calculated according to the formula 
° ~ ]/~ standard error of the mean (e) is 


equal to Where nothing else is stated + 2.58 e is used 
(precision P = 1 per cent). When dealing with materials con- 
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is independent of the magnification (table 7), a fact which 
indicates that the dispersion is not due to the technique of 
the measurements, but predominantly expresses an actual 
variation. The coefficient of variation is of the same magnitude 
for fibres examined in ordinary light and for fibres examined 
between crossed nicols. Tables 7 — 9 show that the coefficient 
of variation is usually smallest for the mean value of A ex- 
pressed in per cent of the total height of the compartment 
((A/A-fl) X 100) of the resting fibres. This may be taken 
as further proof that the dispersion found is indicative of an 
actual variation rather than of an inaccurate technique; the 
height of the different compartments of the same fibre may 
very well vary somewhat as the tension need not be the same 
throughout the fibre, (connective tissue, adhesion to slides, 
etc. may exert a certain influence), but this does not result 
in essential variations in the ratio A : I of the various com- 
partments in the fibre, the A : I ratio being only slightly 
altered when the fibres are stretched. . 

These phenomena may be demonstrated by measuring 120 
successive compartments of a single fibre as shown in fig. 12. 
In this figure each point represents the mean value of ten 
successive compartments, while the mean of all the measure- 
ments is represented by a straight line; the hatched area 
denotes the dispersion of the individual results in relation to 
the total mean value, calculated on the basis of groups of 
measurements consisting of ten each. The coefficient of vari- 
ation of the height of compartment is in this case 5.2, as 
against the coefficient of variation of (A/A + 1) X 100 which 
is 2.5. 

Measurements are only performed on fibres within re- 
versible degrees of elongation. In highly stretched fibres a 
relative displacement of myofibrils is often observed without 
the function of the fibres being altered, a cross striation 
imitating a helicoidal structure may f. inst. be seen as men- 
tioned on p. 25. Such fibril displacements has no compro- 
mising influence on the measurements of stretched fibres. 
As all experiments have been discarded in which the outlines 

sisting of less than 30 individual observations (n), the altered 
t distribution should be allowed for, and the standard error 
of the mean multiplied by a figure (t) which, with the existing 
degrees of freedom (n — 1) corresponds to the 1 per cent limit 
(p = 1 per cent (Kemp, 1942, pp. 85 — 96). 
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A + I and (A/A 4* I) X 100 measured on the same muscle fibre with different magnifications. Calculation of coefficient of vari- 
ation. 
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Table 8. 

, A + I and (A/A + I) X 100 measured on the same muscle fibre at different degrees of stretch. Calculation of coefficient of vnri- 
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Table 9. 

, A -{- I nnd (A/A + I) X measured on the same muscle fibre during rest and during conlrnctlori. Calculation of coefficient of 
variation. 
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o 20 60 SO foo m 

co/npartments in sequence. 


Fig. 12. 

The variation of A. I, A + I and (A/A + I) X 100 in a single muscle fibre. 

Measurements of 120 successive muscle compartments. 

Preparation: m. gluteus max. at length 93. 

Points plotted: mean values of ten muscle compartments. 

Hatched area: dispersion of individual values from the mean value; the dis- 
persion calculated for groups consisting of ten muscle compartments (see 
text p. 88). 

Abscissa: number of successive muscle compartments. 

Ordinate: (top) (A/A + I) X ^00* 

(bottom) length of A + I, A and I in fi. 


of the- cross striation are blurred, the dispersion of the results 
remains the same whether the fibres are examined at equili- 
brium length or in a stretched state (table 8). The experiments 
likewise show the same dispersion for resting and for con- 
tracted fibres (table 9), a uniform and sharply outlined cross 
striation having also been considered prerequisite when 
measuring contracted fibres. 

As a check on the results numerous fibres are measured 
two to three times at the same degree of stretch without the 
result of the first measurement being known when the fo 
lowing were made. Such check measurements are performed 
on different photographs of the same fibre, photographed 
with different as well as with the same optical system, see 
tables 10 and 11. The measurements are, when rendered possi- 
ble by some distinguishing mark on the fibre, performed on 
the sLe part of the fibre in the afferent 
should be noted that the ratio A : I is the same for the different 
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(Table 10 cont.) 
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98 
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Y 
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1.73 
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2.72 

63.6 

92 

I 

1485 

p 
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1.04 

2.79 
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89 
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1.17 
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3.13 

64.2 
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Y 
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X 
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1.12 

2.14 

64.3 

69 

II 

911 

a 

121 

X 

2.25 

1.12 

3.37 

66.8 
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a 
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X 

2.28 

1.04 

3.32 

68.7 

72 

I 
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Y 
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X 

2.15 

1.20 

3.35 

64.2 



971 
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2.17 

1.21 

3.38 
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Table 10. 

Control experiments. Muscle fibres from m. gluteus max. measured 2 — 3 times on 


different microphotographs. 

photographed with the 

same 

optical system. 
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102 I 

1633 8 
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0.91 
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1637 
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1.46 
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74 IT 
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73 T 

976 a 
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1.54 

0.93 

2.47 
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1.47 

0.89 
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62.3 
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1.54 

0.88 
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(Table 11 cont.) 
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0.92 

2.42 

62.0 

98 II 

1598 71 
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k 121 X 
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0.92 
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63.3 


236 X' 

1.50 

0.93 
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61.7 

73 I 


121 X 

1.66 

1.01 
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62.2 
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1.58 

0.94 

2.52 
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102 II 

1645 7 

121 X 

1.73 
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0.94 
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980 p 
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1.78 

0.98 

2.76 

64.5 


979 p 

236 X 

1.73 

0.95 

2.68 
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98 I 

1585 71 

1586 7 

j- 121 X 

1.77 

1.01 

2.78 

63.6 


1589 p' 

236 X 

1.70 

0.96 
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63.9 

98 II 

1590 71 

1593 Y J 

^ 121 X 

1.80 

0.99 

2.79 

64.5 


.A. V W V 1 ^ 

1596 p 
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63.4 

92 I 

1485 P' 

1488 P, 

)- 121 X 

1.70 

1.02 

2.72 

62.5 


1490 p 

236 X 

1.83 

1.03 

2.86 

64.0 

89 II 

1465 p 

121 X 

1.90 

1.03 

2.93 

64.8 


1468 P" 
1470 p. 

236 X 

1.84 

1.02 

2.86 

64.3 

89 I 

1457 7 

^ 121 X 

2.02 

1.14 

3.16 

63.9 


1458 7 J 

1459 a 

236 X 

1.99 

1.11 

3.10 

64.2 

82 II 

1218 7 

121 X 

2.28 

1.15 

3.43 
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1213 p 

236 X 

2.24 

1.14 

3.38 

66.3 


Table 11. 

Control experiments. Muscle fibres from m. gluteus max. measured 2 — 3 times on 
different 'microphoto graphs, photographed with different magnifications. 


measurements of the same fibre. The absolute figures (height 
of compartment, height of A and I) may, however, differ, 
as stretch or relaxation of the fibres may occur between one 
exposure and the next. Consistency between two series of 
stretch experiments on fibres from m. gluteus max. — ex- 
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amined in ordinary light and between crossed nicols re- 
spectively (table 14, fig. 15) - can also be considered a proof 
of the accuracy of the measurements (conf. W. J. Schmidt 
1937, p. 156). 


Height of Compartment at Equilibrium Length. 

On muscle fibres from m. semitendinosus of the frog 
Buchthal, Knappeis & Lindhard (1936) have shown that the 
height of compartment at equilibrium length is a reproducible 
value, fairly constant for different fibres from the same 
muscle, also if from different frogs, the variations amounting 
to abt. 10 per cent (Buchthal, 1942, p. 49). However, the muscle 
fibres are not perfectly elastic (see chapter V. A), an ir- 
reversible plastic elongation setting in when they are stretched 
more than 40 — 50 per cent, a fact which has been demon- 
strated e. g. by Asmussen (1936), but this plastic elongation 
is only small and in the present material it never exceeds 
10 per cent. 

In practice it is more difficult to determine the equilibrium 
length in mammalian muscles, as in most cases the material 
has to be small bundles and not individual fibres, which may 
be used in case of frog muscles. The difficulties met with are 
greater in case of a small fibre bundle than in case of a single 
fibre when trying to ascertain exactly when the bundle or 
fibre is' just straightened out, and the indi'vidual fibres of a 
small bundle are not always stretched to the same degree. 
Table 12 shows the variation of the heights of compartments 


Prepa-> Height of Compartment in the 
Muscle ratoon Different Fibres (in/t) 


m. obliquus abd. intern 

m. gluteus max. 

m. obliquus abd. intern 

m. serratus post 

m. gluteus max 

m. serratus post 

m. obliquus abd. intern 

m. serratus post 


58 

II 

2.16 

2.13 

1.97 

1.91 

67 

I 

1.99 

2.04 

2.03 

2.07 

59 

III 

2.11 

2.16 

2.20 

2.08 

56 

II 

2.35 

2.29 

2.30 

2.37 

96 

III 

2.48 

2.59 

2.40 


57 

I 

2.59 

2.74 

2.64 


73 

III 

3.25 

3.20 

3.05 

3.27 

57 

I 

3.60 

3.69 

3.41 

3.56 


Table 12 . 

Height of compartment measured In different muscle fibres of the same bundle. 
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— and consequently of the elongation — of the individual 
fibres of a bundle. The difference in degree of stretch -within 
the same bundle is due to variations in the dimensions of the 
fibres -which cause a certain tension to produce different 
elongations of the fibres. Connective tissue or slight t-wisting 
of the bundle may furthermore cause uneven stretch. A re- 
latively large material is therefore required to obtain a suf- 
ficiently exact determination of the equilibrium length. 





U 

o 

.Q 

Mean 

Value 

(in/x) 

Coeffici- 
ent of 
Variation 

Bisper- 

sion 

(In/i) 

Standard Error 
of the Mean 




s 

(In M) 

(P = 
1 %) 

m. 

gluteus max. . 


60 

2.24 

0.042 

1.9 

0.005 

0.014 

m. 

serratus post. 


36 

2.23 

0.134 

6.0 

0.022 

0.058 

in. 

obliquus abd. 
(excised) 

intern. . 

38 

2,23 

0.177 

7.9 

0,029 

0.074 

m. 

obliquus abd. 
(in situ) 

intern. . 

29 

2.22 

0.182 

8.2 

0.034 

0.093 


Table i3. 

Mean values and dispersion of the height of compartment of muscle fibres at 
equilibrium length* measured on various muscles of the guinea pig. 

In the second column the number of muscle fibres measured Is stated. 


M. gluteus max. is the muscle preferably used; at equili- 
brium length its fibres exhibit a height of compartment of 
2.24 + 0.01 [I (see table 13). This measurement has been 
performed on 60 different fibres and is consequently the mean 
value of 600 compartments. In this material the variation be- 
tween the indi-vidual fibres seems to be small; the coefficient 
of variation (for P = 1 per cent) is approximately 5. 

For fibres from m. serratus post, and m. obliquus abd. 
intern, practically the same mean value as to height of Com- 
partment at equilibrium length has been found; 2.23 The 
dispersion is somewhat larger here (see table 13), consequently 
the experiments do not provide any statistical proof that the 
height of compartment at equilibrium length is the same for 
different muscles. 


With regard to the m. obliquus abd. intern, the equilibrium 
length IS measured for excised fibres as well as for fibres in 
situ. Only a small part of the length of the fibres in situ has 

inno ^ ^ ~ most Va — cm. — the circulation and 
ervahon being as far as possible left intact. The intact 
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innervation manifests itself by the movements of respiration 
of the isolated muscle fibres which, are sometimes met with 
during the experiments and are due to co-innervation. When 
this method is used the state of the fibre approaches the 
natural conditions as much as technical considerations will 
allow. It was the intention to find out whether muscle fibres 
in situ behave otherwise than excised muscle fibres, i. a, with 
the purpose — if possible — of obtaining information with 
respect to the “tone” of the muscle, if any. The determination 
of the height of compartment of the muscle fibre at equilibrium 
length under the two different conditions — in situ and 
excised — has, however, yielded no exact information as to 
difference in equilibrium length — the dispersion being too 
large (table 13). For excised fibres the height of compartment 
is found to be 2.23 + 0.07 fi, for fibres in situ 2.22 + 0.09 (i. 
Another way is therefore chosen of showing the consistency 
between excised muscle fibres and fibres in situ — i. e. a 
comparison' between the curves representing the variation of 
the ratio A : I as a function of stretch of the fibres. 


The Ratio A : I at Equilibrium Length and during Stretch of 

Resting Fibres. 

The ratio A : I in the individual compartment is expressed 
as the height of A in per cent of the total height of compart- 
ment ( (A/A + 1) X 100), as it is the A-substance which changes 
its equilibrium length during contraction — is shortened — 
while this is not the case with the I-substance. 

At equilibrium length A amounts to about 62 per cent of 
the total height of the compartment in fibres from m. gluteus 
max. (table 17). Fig. 13 shows 5 single experiments in Avhich 
individual fibres are measured at different degrees of stretch. 
The experiment shows that the ratio A : I differs slightly in 
the different muscle fibres, while, as previously shown, the 
ratio A; I in compartments of the same fibre only varies 
insignificantly. The dispersion is at any rate evidently smaller 
than the difference between the ratio A : I of fibres at equili- 
brium length and of stretched fibres. In all experiments it is 
clearly seen that when the fibres are stretched, A takes up a 
greater percentage of the height of the compartment — A is 
stretched relatively more than I; in other words the stiffness 
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Fig. 13. 

The ratio A ; I (expressed as (A/A -[- 1) X 100) as a function of the degree of 
stretch of the muscle fibre (expressed as height of compartment). Experi- 
mental series with 5 different muscle fibres from m. gluteus max. 

The arrows denote the sequence of the experiments. 

Abscissa : length of A + I in 
Ordinate: (A/A + 1) X 100, 

of A is less than that of I (conf. Chapter V.D). Figs. 13, 21 — 22 
and 37 also show that the alterations produced hy the stretch- 
ing are reversible. 

The fact that A is stretched relatively more than I is most 
clearly seen when calculating the elongation of A in per cent 
of the height of the A-substance at equilibrium length and, 
in the same way, the elongation of I in per cent of the height 
of I at equilibrium length. The mean values of all measure- 
ments made on resting fibres from m. gluteus max. are 
calculated in this manner (table 17, columns 9 — 10), and 
fig. 14 shows the corresponding diagrams; the percentage 
elongation of A and I as a function of the percentage elongation 
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Fig. U. 

Variations in the heights of A- and I-layers as a function of the degree of stretch 
of the fibres. Mean values from all experiments on muscle fibres from m. 
gluteus max. (conf. table 17). 

Abscissa : elongation (or shortening) of the height of compartment (A + 1) li^ 
per cent of the height of compartment at eguilihrlum length. 

Ordinate: elongation (or shortening) of A and I in per cent of A and I at 
equilibrium length. 


M. gluteus max. 

(in ordinary light) 

M. gluteus max. 
(between crossed nicols) 

(In /t) 

A/A + I 

A + I 

A/A + I 

A + I 

X 100 

(in fi) 

X 100 

1.92 

61.7 

2,23 

62.2 

2.01 

61.7 

2.38 

62.1 

2.12 

61.8 

2.48 

62.5 

2.25 

62.1 

2.58 

63.3 

2.34 

63.1 

2.77 

63.9 

2.42 

62.3 

(2.94 

64.1) 

2.48 

62.3 



2.60 

63.0 



2.74 

64.3 



2.87 

64.2 



3.00 

64.9 



3.19 

65.8 



3.41 

66.1 




Table U. 

Correlation of degree of stretch (height of compartment) to ratio A ; I ((A/A 4- 1) 
X 100) in muscle fibres from m. gluteus max. 

Measurements on muscle fibres photographed In ordinary light and photographed 
between crossed nicols. 

Each figure is the mean value of 10 experiments, 1. e. of 100 measurements. 
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of the compartment. It should be noted that when the fibres 
are compressed below equilibrium length, the smaller stiffness 
of the A substance is' also disclosed by the fact that A is 
shortened more than I — the curves intersect at equilibrium 
length. 

In order to ensure that the measurements of the ratio A : I 
are correct some of the fibres from m. gluteus max. are ex- 
amined between crossed nicols. In table 14 the two materials 
— fibres examined in ordinary light and between crossed 
nicols — are arranged according to increasing degree of stretch 
to show the relationship of extension — expressed as the 
absolute value of the height of the compartment — to the 
ratio A : I — expressed as A in per cent of the total height of 
compartment. 

By means of numerical fitting according to the “method of least 
squares” the curve of regression has been calculated (Kemp, 1942, 

pp. 135 — ^147). bxy = — expresses the calculated re- 
gression coefficient of the height of compartment, in the equation 
represented by x, in proportion to (A/A 4- I) X 100 which is re- 
presented by y. X and y are mean values of (A 1) and (A/A + I) 
X 100 respectively, calculated on the basis of the whole material — 
X and y being the individual values. The regression coefficient of 
(A/A -f I) X 100 in proportion to (A -t-T) is calculated in a similar 

manner from the formula byx = 

^ (y-y)‘ 

The lines of regression may now be determined according to the 
equations Y — y = bxy (X — x) and X — x = byx (Y — y), it being 
possible for every value of Y or X to calculate the corresponding 
values of X or Y. 

As the regression is nearly linear this procedure is considered to 
be justified. The curve plotted in the diagrams shown is the mean 
curve of the two lines of regression. 

From fig. 15 it can be seen that the mean curves for fibres 
examined in polarized light and in ordinary light have practi- 
cally the same inclination, and the magnitude of (A/ A + 1) 
X 100 is also the same in these two materials. The ratio A : I 
thus seems to be correctly measured and the two materials 
may be lumped together and considered as a whole as done 
in tables 16 and 17 and fig. 17 and 18. 

The results of the two series of experiments on fibres from 
m. obliquus abd. intern. — excised and in situ — are treated 
in the same manner as the ni. gluteus max. experiments (table 
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15 and fig. 16). As it appears from fig. 16 there is no difference 
between the ratio A : I of fibres in situ and that of excised 
fibres, and stretch has the same effect on the fibres irrespective 
of the two different sets of experimental conditions. Conse- 
quently it may also be justified to consider these two materials 
as a whole. 

The ratio A : I and its change in case of stretch are practi- 
cally identical in muscle fibres from m. obliquus abd. intern, 
and m. serratus post, (table 16 and fig. 17), but fibres from 



Correlation lines of the ratio A : 1 as a function of the degree of stretch of fibres 

from m. gluteus max., examined in ordinary light ( ) and between 

crossed nicols ( ), 

The correlation is calculated according to the values of fable 14 (see text p. 101)* 
Abscissa: (A -f- 1) in fi. 

Ordinate: (A/A + I) X 100. 


M. obliquus abd. 
intern, 

(excised) 

M. obliquus abd. 
intern. 

(in situ) 

A + I 

A/A + I 

A + I 

A/A + I 

(in^) 

X 100 

(in/i) 

X 100 

1.95 

62.1 

1.99 

62.6 

2.04 

62.8 

2.11 

62.9 

2.10 

62.3 

2.37 

61.8 

2.17 

63.0 

2.64 

64.0 

2.22 

62.8 

3.04 

64.1 

2.36 

63.6 

3.88 

66.3 

2.43 

63.1 



2.56 

63.9 



2.72 

63.2 



3.08 

65.0 



3.52 

65.7 



(3.97 

65.2) 




Table 15. 

Correlation of degree of stretch (height of compartment) to ratio A : I ( (A/A -f I) 
X 100) in muscle fibres from m. obliquus abd. intern, measured on excised 
fibres and fibres in situ. 

Each figure is the mean value of 4 experiments, i. e. of 40 measurements. 
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Fig. 16. 

Correlation lines of the ratio A ; I os a function of the degree of stretch of fibres 

from m. obliquus obd. intern., excised ( ) and in situ ( ). 

The correlation is calculated according to the values of table' 15. 

Abscissa: (A -f I) in /x. 

Ordinate: (A/A + I) X 100. 




Guinea pig 



Goal 

M. glut. max. 

M. serrat. post. 

W. obllq abd. 
intern. 

M. serrat. ant. 

A + I 

A/A -f I 

A + I 

A/A +I 

A + I 

A/A + I 

aVi 


(in f^) 

X 100 

(in;t) 

X 100 

(In At) 

X 100 

( In ^) 

X 100 

1.92 

61.7 

1.94 

62.5 

1.98 

62.4 

2.09 

62.4 

2.01 

61.7 

2.15 

62.5 

2.09 

62.6 

2.31 

62.4 

2.11 

61.8 

2.28 

63.1 

2.22 

62.8 

2.40 

62.2 

2.21 

62.6 

2.41 

62.7 

2.40 

62.9 

2.50 

63.0 

2.28 

62.0 

2.64 

63.0 

2.61 

63.5 

2.71 

63.6 

2.34 

62.9 

2.78 

63.9 

3.04 

64.8 

2.79 

63.8 

2.38 

62.7 

2.88 

64.1 

3.78 

65.9 

2.89 

64.6 

2.42 

61.8 

3.05 

65.0 



2.99 

64.6 

2.46 

62.5 

3.29 

65.3 



3.30 

65.0 

2.49 

62.5 

3.58 

66.1 



(3.76 

66.0) 

2.55 

63.1 

(3.97 

66.2) 




2.63 

63.0 





2.72 

63.9 







2.78 

64.2 







2.88 

64.3 







2.97 

64.7 







3.14 

65.5 







3.36 

65.9 







(3.52 

66.7) 








Table 16. 

Correlation of degree of stretch (height of compartment) to ratio A : I ( (A/A -f I) 
X 100) in muscle fibres from m, gluteus max., m. serratus post, and m. 
obliquus abd. intern, of guinea pig and m. serratus ant, of goat, 
ac figure is the mean value of 10 experiments, i. e. of 100 measurements; with 
regar to m. serratus ant. of goat the figures are mean values of 4 experiments 
only, i. e. of 40 measurements. 





104 


m. gluteus max. behave somewhat differently: here the A-sub- 
stance amounts to a somewhat smaller percentage of the total 
height of compartment at equilibrium length. 62.3 per cent 
for m. gluteus max., 63.0 per cent for m. serratus post, and 
62.9 per cent for m. obliquus abd. intern. On the other hand, 
when comparing the extensibility of A during stretch with 
that of I the A-substance is found to be more extensible in 
the m. gluteus max. than in the other muscles, (A/A + I) x 100 
increases to 66.0 per cent at length 150 in fibres from m. 
gluteus max. while the corresponding value for m. obliquus 



Fig. 17. 

Correlation lines of the ratio A : I as a function of the degree of stretch on the 
basis of all the experiments on fibres from m. serratus ant. of goat, m. 
gluteus max., m. serratus post and m. obliquus abd. intern, of guinea, pig. 

The correlation is calculated according to the values of table 16. Every point 
plotted thus denotes the mean value of ten experiments = 100 measurements; 
with regard to the m. serratus ant. of goat the mean value of four experiments 
only (= 40 measurements). 

Abscissa : length of A 4- 1 

Ordinate: (A/A + I) X 100. 
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abd. intern, and m. serratus post, are 65.2 per cent and 65.3 
per cent respectively. 

All the experiments performed on resting fibres from m. 
gluteus max. are arranged according to the degree of stretch 
of the fibres and divided in groups for every 10 per cent of 
stretch. The mean values for these groups are calculated in 
table 17 and fig. 18. This division in groups has the dra-wback 



Length of A- and I-substance during rest ( • ) and during contraction ( X ) as a 
function of the degree of stretch of the fibres, determined on muscle fibres 
from m. gluteus max. Whole material. 

The height of the hatched columns denotes the number of experiments by "which 
the resting values have been determined within each group (length 85 — 95, 
95 — ^105, etc.). The hatched area represents the standard error of the mean 
(for p = 1 per cent) of the calculated correlation curve between (A/A 4*1) X 100 
at rest and the degree of stretch of the fibres (conf. fig. 17), The standard 
error of the mean is calculated for each group separately. 

Abscissa: length of A 4- 1 in /i. 

The figures above the hatched columns denote length of fibre (equili- 
brium length = 100). 

Ordinate: (to the left) length of A (two top curves) and I (two bottom curves) 

at rest ( ) and during contraction ( ) in /i. 

(to the right) (A/A 4* I) X 100. 

Number of experiments. 
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that, as shown in the diagram, the mean values will represent 
rather varying numbers of individual experiments. The 
standard error of the mean of the curve representing the ratio 
A . I as a function of stretch has been calculated separately 
for the individual values of each group, and the hatched area 
of the diagram is calculated in such a way that the probability 
of the mean curve deviating outside this area is less than 
1 per cent. 

The results of the investigation on fibres from m. serratus 
post, and m. obliquus abd. intern, are arranged in a similar 
manner (tables 18 and 19 and figs. 19 and- 20). Apart from 
the less pronounced changes in the ratio A : I during stretch 
of the fibres the shape of the curve is similar to that of the 
m. gluteus max.-experiments. Figs. 21 and 22 show some 
individual experiments. While unambiguous microscopical 
images have only been obtained of fibres from m. gluteus max. 
stretched up to length 160 it has been possible to measure 
fibres from m. serratus post, at elongations up to length 190. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Length of Fibre 
(Equilibrium 
Length = 100) 

Height of Com- 
partment in 

Number 

*5 

< 

B 

M 

*2 

B 

HH 

-f- 

O 

O 

X 

Im 

c + 
p 

Degree of Stretch 
(Equilibrium 
Length =: 100) 

Percentage 
Elongation or 
Shortening of A 

Percentage 
Elongation or 
Shortening of I 

90 

(1.91— 2.12 m) 

18 

1.26 

0.76 

2.02 

62.5 

90.5 

— 10.0 

— 8.5 

100 

(2.13—2.34 m) 

13 

1.40 

0.82 

2.22 

62.9 




110 

(2.35—2.56 m) 

12 

1.53 

0.90 

2.43 

63.1 

109.0 

+ 9-6 

+ 8.5 

120 

(2.57—2.79 m) 

9 

1.70 

0.97 

2.67 

63.5 

119.5 

21.5 

17.0 

130 

(2.80—3.01 m) 

2 

1.89 

1.03 

2.92 

64.6 

131.0 

35.0 

24.0 

140 

(3.02—3.23 y -) 

4 

2.01 

1.09 

3.10 

64.8 

139.0 

43.5 

3l.5 

150 

(3.24—3.46 m) 

3 

2.19 

1.14 

3.33 

65.7 

149.0 

56.5 

37.5 

155 

(3.47—3.68 m) 

3 

2.35 

1.23 

3.58 

65.7 

160.5 

68.0 

48.0 


Table 19. 

Mean values of all experiments on muscle fibres from m. obliquus abd. Intern, 
at rest. 

Column 3 states the number of muscle fibres measured within each degree of 
stretch. 

Column 8 stales the height of compartment as a function of the mean value of 
compartment height at equilibrium length (2.23 p). Equilibriiun length = 100. 

In columns 9 and 10 the elongation or shortening of A and I is calculated in per 
cent of the mean value of the length of A and I at equilibrium length (1*40 fi 
and 0.83 p respectively). 



109 



Length of A- and I-substance during rest ( • ) and during contraction ( X ) as a 
function of the degree of stretch of the fibres, determined on muscle fibres 
from m. serratus post. Whole material. 

The height of the hatched columns denotes the number of experiments by which 
the resting values have been determined within each group (length 85 — 95, 
95 — 105, etc.). The hatched area represents the standard error of the mean 
(for p =1 per cent) of the calculated correlation curve between (A/A + 1) X 190 
at rest and the degree of stretch of the fibx'es (conf. fig. 17). The standard 
error of the mean is calculated for each group separately. 

Abscissa: length of A + 1 in /i. 

The figures above the hatched columns denote length of fibre (equili- 
brium length = 100). 

Ordinate: (to the left) length of A (two top curves) and I (two bottom curves) 

at rest (— ) and during contraction ( ) in fi, 

(to the right) (A/A I) X 100. 

Kumber of experiments. 



no 



Length of A- and I-subsfance as a function of the degree of stretch of the fibres, 
determined on resting muscle fibres from m. obliquus abd, intern. Whole 
material. 

The height of the hatched columns denotes the number of experiments according 
to which the mean figures have been determined whithin each group (length 
85—95, 95—105 etc.). 

Abscissa ; length of A + I in 

The figures above the hatched columns denote length of fibre (equili- 
brium length ^ 100). 

Ordinate: (to the left) length of A (top curve) and I (bottom curve) in /i. 

(to the right) (A/A + I) X 100. 

Number of experiments. 


Changes in the Ratio A : I during Contraction. 

Examinations of mammalian muscle fibres show, like 
Buchthal, Knappeis & Lindhard’s experiments on frog fibres 
(1936), that the A-substance is shortened during contraction, 
and that a corresponding elongation of the I-substance sets 


Ill 




Figs. 21 — 22. 

The ratio A ; I as a function of the degree of stretch of the fibres. Experimental 
series with four different muscle fibres from m. serratus post, (fig. 21) and 
from m. obliquus abd. Intern, (fig. 22). 

The arrows denote the sequence of the experiments. 

Abscissa: length of A + I in /a. 

Ordinate: (A/A + I) X 100. 


m when the contraction is isometric. In tables 20 and 21 the 
resu s of the individual experiments are arranged in columns 
accor ing to the extension of the fibres during contraction, 
rnif is measured during rest and 

performrd^'oifth measurements are as far as possible 
ratio A • I ^ fibre. The changes in the 

several during contraction have been reversible, 

re measured at the same degree of stretch both 
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before and after contraction, see figs. 23—26. Isolated, excised 
mammalian muscle fibres can only stand a few contractions, 
consequently it has not been possible systematically to obtain 
series of contraction experiments on the same fibre at various 
degrees of stretch, and it also proved impossible to obtain 
measurable micro.photographs of contracted fibres at lengths 
exceeding 140. Figs. 23 — 26 show some of the short series 
which cquid be carried through. 



/rngift of /engih of A'Z 


Fig. 23. 


Fig. 2k. 



Figs. 23 — 26. 

Absolute values of A and I during rest (•) and during contraction (X) as a 
function of the height of compartment. Experimental series with individual 
fibres. Fig. 23 a, b, fig. 24 a, b, fig. 25 a, b and fig. 26 a fibres from m. glu- 
teus max. of guinea pig, fig. 25 c fibre from m. scrratus post, of guinea pig 
and fig. 26 b fibre from m. serratus ant. of goat. 

The arrows denote the sequence of the experiments. 

Abscissa: length of A -f- 1 in 

Ordinate: length of A and I in fi. 
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As shown by tables 20 — 21 the contraction has not been 
absolutely isometric in all the experiments. This may be due 
to a varying degree of co-contraction on the part of the other 
fibres of the bundle when small bundles have been used, 
varying adhesion to the bottom of the chamber or the cover 
glass, etc. However, in the experiments no difference has been 
observed in the changes in the ratio A : I during tetanic con- 
traction whether the fibres were extended or shortened during 
contraction- (conf. tables 20 — 21). 

By means of the curves in fig, 17 the values of A and I at rest 
for the fibre in question at the measured contraction length can be 
calculated: calculated A . I contmciion length) ^ 

mea.sured A: I X mean value of A : I (^t measured contmetion length) 
mean value of A . I measured resting length) 

The two last columns of tables 20 and 21 slate the shortening of 
A and the elongation of I in per cent of calculated or measured 
values of A and I at rest at the same degree of stretch of the fibre 
concerned. 

The mean values of the contraction experiments within 
the different degrees of stretch are given in tables 17 and 18. 

The change of the ratio A : I during contraction is some- 
what different in the different fibres. The material as a whole 
shows that the percentage change in A and I during isometric 
contraction is the same for fibres from m, gluteus max, and 
in, serratus post, and fairly independent of the degree of 
stretch, conf. tables 17 and 18 and fig, 27. On an average A 
is shortened 14 per cent, while the elongation of I is 21 per 
cent during contraction when calculated on the basis of all 
the contraction experiments on fibres from m. gluteus max. 
The corresponding values for m. serratus post, are 15 per cent 
and 25 per cent. 

When recording the mechanical properties of mammalian 
muscle fibres a “contraction equilibrium length” of 72 — cor- 
responding to a height of compartment of 1,60 (i — is found 
by release of contracted fibres to tension zero. To correlate 
this observation with the histological investigations a number 
of experiments have been performed on compressed fibres 
from m. gluteus max. With fibres at rest a height of com- 

^ reached. During contraction 

o compressed” fibres a height of compartment as low as 
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Fig. 27. 

Percentage shortening of A and elongation of I during contraction at different 
degrees of stretch. 

Mean values from all contraction experiments on muscle fibres from m. gluteus 
max. and m. serratus post. 

Abscissa: height of compartment (equilibrium length = 100). 

Ordinate: elongation of I in per cent of I’s resting value at the same length of 
fibre. 

shortening of A in per cent of A’s resting value at the same length of 
fibre. 


1.70 has been recorded (table 20). Even in these experiments, 
•which are discussed in details in chapter V. D, the I-substance 
is elongated during contraction in proportion to its value at 
rest. The decrease of the equilibrium length of the muscle 
fibres -which occur during contraction is thus confined to the 
A-substance, and the A-substance always constitutes a larger 
part of the compartment than the I-substance. 

The mean results of all the experiments are stated in figs. 
28 and 29 which represent the ratio A : I in the individual 
muscle compartments at rest and during contraction at 
different degrees of stretch. 


Changes in the Ratio A :I during Single Contraction as a 
Function of Time. 

The above mentioned contraction experiments have dealt 
with tetanic contractions of short duration. The morphological 
changes in mammalian muscle fibres during single contrac- 
tion have also been examined and, by using Buchthal &. 
Knappeis’ set up (1943), it has been possible to record the 
changes in relation to the time by means of a photographic 
exposure for every 10 msec. The duration of ^ 
tion of mammalian muscle fibre is, however, only 30—40 msec. 
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/e/7gt/f o/ 

Fig. 28. 



/^r>gi/} o/ A*J, 

Fig. 29. 


Figs. 28 — 29. 

Absolute values of height of compartment, A and I during rest and during con- 
traction at different degrees of stretch. Mean values of all experiments- on 
fibres from m. gluteus .max. (fig. 28) and m. serratus post, (fig. 29), 
Abscissa: Height of compartment (equilibrium length 100). 

Ordinate: Height of A and I and A 4- 1 in 

so that the maximum number of recordings to be obtained 
during a contraction is three to four — in spite of the high 
frequency of the exposures. The course of the curve between 
measuring points is therefore more or less constructed, but 
the experimental results are so uniform that they yield a re- 
latively accurate picture of the actual conditions. 

The value of the ratio A ; I at rest immediately before con- 
traction is determined by four different measurements. The 
course of the actual contraction phase is the least well defined 
par of the curve, being determined by only one value. The 
chosen has been to consider the time half-way be- 
tween the last resting value and the first contraction value as 
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the beginning of the contraction, as this will probably give 
minimum error. The “active” part of the contraction is deter- 
mined by a straight line through this point and the first 
measured contraction value. The relaxation phase of the con- 
traction is usually recorded by means of two exposures, that 
is by two values, consequently the gradient of this phase is 
better defined, the same applies to the subsequent state of 
rest which is measured on four to five different photographs. 

Figs. 30, 31 and 32 show three of these individual ex- 
periments. Fig. 33 shows a mean curve of three different single 




Fig. 31 
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contractions of the same fibre at the same length. The peak 
of the contraction has been taken as a common zero point as 
regards time when calculating the mean curve. The active 
phase of the single contraction seems to be of a shorter dura- 
tion than the relaxation phase — which might be expected, 
and which is also confirmed by investigations of the me- 
chanical properties .of the fibres. The relative shortening of 
A is fairly equally pronounced during single contraction and 
tetanic contraction. On an average A is shortened by 14 per 
cent during single contraction and by 14 — 15 per cent during 
tetanic contraction. The optical changes during single con- 
traction has a duration of approximately 30 msec. The values 
of the ratio A ; I at rest is fairly uniform before and after 
contraction, a small increase of the ratio A : I may occur 
immediately after the contraction. In chapter V A these 
diagrams will be compared to the variations of tension during 
single contraction. 



tigs. ' 60 — 32 . 

experiinlntf ^ contractions ns n function of time. Three 

Abscissa: time in msec. 

Ordinate: (A/A + I) x ioo. 
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Fig. 33. 

Variation in the ratio A : I during single contraction as a function of time. Mean 
curve of three single experiments on the same fibre from m. gluteus max. at 
the same degree of stretch; length 110 (height of compartment 2.64 a). See 
text p. 119. 

Abscissa: time in msec. 

Ordinate: (A/A + I) X 100, 



Fig. 54. 

Muscle fibres from m. serratus post, of cat. 

Length of A- and I-substance during rest as a function of the height of compart- 
ment. 

The points plotted denote single experiments performed on five different muscle 
fibres. The dotted lines denote corresponding mean curves from experiments 
on fibres from m. gluteus max. of the guinea pig — for the purpose of com- 
parison. 

Abscissa: length of A + I in /Lt. 

Ordinate: length of A (top cur\^e) and I (bottom curve) in /x. 
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Fig. 35. 

Muscle fibres from m. serratus post, of rabbit. 

Length of A- and I-substance during rest as a function of the height of compart- 
ment. 

The points plotted denote single experiments performed on three different muscle 
fibres. The dotted lines denote corresponding mean curves from experiments 
on fibres from m. gluteus max, of the guinea pig — for the purpose of com- 
parison. 

Abscissa : length of A -f- I in /i. 

Ordinate: length of A (top curve) and I (bottom curve) In pt. 


Investigation of Muscle Fibres from Various Mammals. 

Solely for the purpose of orientation a number of experi- 
ments has been carried out on fibres from m. serratus post, 
of rabbit and cat (figs. 34 and 35). The equilibrium length 
has not been determined for these fibres, but the i-atio A : I 
is exactly the same as that of the guinea pig fibres, and ex- 
tension produces the same alterations in the structure. Finally 
muscle fibres fi*om m. serratus ant. of goats suffering from 
congenital myotonia*) have been examined. Figs. 36 — 37 show 
that conditions in the fibres of these myotonic goats are the 
same as those in the muscles of guinea pigs, both as regards 

) These goats have also been used for various other physiological 
investigations, i. a. electro-niyographic experiments (Biichthal 
& Clemmesen, 1941 ), 
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o/ A*3. 

Fig. 36. 


Muscle fibres from m. serratus ant. of goat. 

Length of A- and I-substance during rest and during contraction as a function 
of the height of compartments. Each resting value ( • ) is a mean of four ex- 
periments. The contraction values (X) are results of single experiments. 
Abscissa : length of A -f- 1 in 

Ordinate: (to the left) length of A (top curve) and I (bottom curve) in /z. 

(to the right) (A/A + 1)X 100. 



Fig. 37. 

The ratio A : I as a function of the degree of stretch of tlie muscle fibres. Experi- 
mental series with the same resting muscle fibre from m. serratus ant. of 
goat. 

The arrows denote the sequence of the experiments. 

Abscissa : length of A -f I in /z. 

Ordinate: (A/A + I) X 100. 
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height of compartment, ratio A : I and changes in the ratio 
A : I during stretch and during contraction. Hence it may be 
assumed that there is consistency also between muscles from 
normal goats and from guinea pigs. 


Discussion. 

The experiments have shown that the height of compart- 
ment at equilibrium length is practically uniform in the 
various muscles of the guinea pig. As further the ratio A : 1 
is fairly uniform in muscle fibres from guinea pig, rabbit and 
goat at the same height of compartment, it may be assumed 
that the height of compartment at equilibrium length is 
likewise of the same magnitude in the various mammals. 
Krause (1868), Hensen (1868) and Engelmann (1873) mention 
that this uniformity in height of compartment even applies to 
all vertebrates, and in muscles from frogs (m. semitendinosus) 
and lizards Buchthal, Knappeis & Lindhard (1936) have 
found the height of compartment at equilibrium length to be 
2.18 + 0.1 /x and 2.24 ii respectively — i. e. almost the same 
figure as in mammalian muscles. Very few of the previous 
investigators have defined the degree of stretch of the muscle 
accurately and for this reason the statements vary consider- 
ably. As examples the following may be mentioned: Enyel- 
mann (1880): abt. 4 jx for stretched muscle fibres of verte- 
brates, Stiibel (1920): 2.5 fx for living frog fibres and Frank 
(1928): 2.4 — 2.5 fx for living and 2.1 — ^2.2 ix for fixed frog 
muscle fibres. Hurthle (1930) : 2.3 jx for frozen and fixed frog 
muscle fibres, 2.7 — 3.0 p. for living muscle fibres from the 
membrana basohyoidea of the frog, and Speidel (1939) : 2.1 p 
for caudal muscles from the tadpole. Sandow (1936): 
2.47 + 0.08 p for the m. sartorius of the frog at resting length, 
in situ, calculated on the basis of the diffraction spectra of 
the muscles. 

Outside the vertebrates the height of compartment is more 
varying, as stated i. a. by Engelmann (1873) and Speidel 
(1938), and generally also larger: 10 and 17 yu, in insects ac- 
cording to Engelmann (1880), 5.8 /i,(4.8 — 6.6 ;a)in Hydrophilus 
according to Hiirthle (1909), 6.3 and 6 /x in Astacus fluviatilis 
(crayfish) and Carcinus maenas (crab) respectively, measured 
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on living muscle fibres at equilibrium length, according to 
Knappeis, Lindhard & Tops0e-Jenseii (1940). 

H. Brenner (1939) claims that the more rapid the muscle 
reacts the lower the height of compartment will be and the 
closer A/I will approximate one. When she finds that the height 
of compartment varies considerably within fibres from the 
same muscle, even within the same fibre, it must be due to 
defective and unfavourable experimental conditions, the focus- 
ing has varied, the fibres have exhibited local contractions, etc., 
an assumption which is confirmed by the highly varying A : I 
ratio found by her. This appears e. g. from her tables 19 and 
20 which show results of measurements on fibres from the 
same muscle (wing muscle of Pieris) : 




(A + 1) 

(A + I)X'«« 

Average of 7 fibres. 

4 — 5 fi thick 

3.10^ 

54.5 

— - 7 — , 

20— 68,x — , A>I 

3.70^ 

54.5 

— - 17 — , 

20—68^ — , A<I 

4.50/4 

42.7 


The values are obtained by measuring ten compart- 
ments of each fibre, but her measurements from the same 
fibre show a coefficient of variation for the height of com- 
partment of 28 and for the ratio A : I — converted to the 
expression (A/A -f- 1) x 100 — of 16.6 (calculated according 
to her table I, fibre 6). Consequently the results of H. Brenner 
can hardly prove that the ratio A : I differs in the different 
arthropod muscles, the dispersion of her experimental results 
being far too high. 

As regards the ratio A : I a difference is observed between 
m. gluteus max. and the other muscles of the guinea pig which 
have been examined, but the difference is so slight that it 
cannot be considered as real. 

In the diagrams (figs. 15 — 16 — 17) the value of (A/A -f- 1) 
X 100 has been taken to increase linearly with the degree of 
stretch of the fibres. It is, however, possible that the shape of 
the true curve, which must of course be situated inside the 
hatched zone in figs. 18—19, \vill be slightly arched, a shape 
which expresses that the elongation of A is relatively smaller 
at low than at high elongations. Graphical curve fitting indi- 
cates that this holds for both materials — fibres from m. 
gluteus max. and from m. serratus post. — but the dispersion 
is too large to allow it to be shown with statistical accuracy 
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on the material as a whole. By the individual experiments it 
has also proved impossible to determine the percentage share 
of the height of compartment which falls on A with such an 
accuracy that the above mentioned slight variation ig the value 
can manifest itself. 

The muscles from the other mammals which have been 
examined show the same A : I ratio at rest as the muscles of 
the guinea pig, and probably the consistency does not only 
apply to mammalian muscles, but also to muscles from verte- 
brates. Buchthal, Knappeis & Lindhard (1936), who examined 
muscles from frogs and lizards with a technique similar to the 
one used for the present experiments on mammalian muscles, 
have reached the same. result with regard to the ratio A: I. 
They found that the anisotropic substance always makes up 
the major part of the height of compartment in resting fibres 
and increases relatively more than the isotropic substance 
when being stretched i. e. has a smaller stiffness than I. In 
fibres from m. semitendinosus of the frog they measured A at 
equilibrium length to amount to 63 per cent of the height of 
compartment in their first material and to 61 per cent in a 
later material. {Buchthal, 1942, p. 49). The first material 
showed A = 65 — 67 per cent of the height of compartment at 
a length of the fibre of 140, in the later material the increase 
was hardly so pronounced, here = 63.5 per cent of the height 
of compartment at length 150. The cardiac muscles of the 
frog behave otherwise, here it is the I-substance which is most 
extensible, its stiffness is less than that of the A-substance, 
A = 60 per cent of the height of compartment at equilibrium 
length as against 58.8 per cent at length 170 {Lundin, 1944, p. 
47). 

Other investigators have found a slightly different A : I 
ratio for mammalian muscles, but this may i. a. have techni- 
cal reasons. Most of the quantitative investigations have fur- 
thermore been based on single experiments and not on mate- 
rials of any considerable size. 

Engelmapn (1873) states that the ratio A;I is fairly con- 
stant within the various animal classes and independent of 
the elongation of the fibres. Frank (1928) finds that A 
amounts to 46 — 50 per cent of the height of compartment in 
frozen and fixed muscles from frogs and that this value de- 
creases when the fibres are stretched. Hurthle (1931, c) finds 
the same size, 45 — 50 per cent, while Holz (1932) states a 
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somewhat higher figure, 50—53 per cent; both investigators 
used living frog muscles fibres. Jordan (1934) finds that A is 
the substance which is most easily stretched (fixed prepara- 
tions), wlyle Speidel (1939) states that it is mostly I which is 
extended, an observation which he has made on living Tiiuscle 
fibres, quantitative results are, however, not given. 

In living arthropod muscles it was found by Knappeis, 
Lindhard & Tops0e-Jensen (1940) that A amounts to 56 per 
cent of the height of compartment in fibres from Astacus as 
well as from Carcinus, and they also found that A is more 
extensible than I. According to Engelmann (1880) A amounts 
to 44 per cent of the height of compartment of living muscle 
fibres from insects, Hurthle (1909) on the other hand found 
that in Hydrophilus A amounts to 88 per cent of the height 
of compartment, and Studnitz (1935, a) measured A to be 57 
per cent of the height of compartment. Hiirthle found that 
the ratio A : I usually remains unaltered during stretch, in one 
third of the cases the increase of I was greater than that of A, 
but in these cases he assumed the fibres to be damaged. 

When dealing with morphological changes during contrac- 
tion the experimental results and the opinions become still 
more conflicting, even when only including investigations on 
living muscle fibres. An attempt will be made to elucidate the 
reason for this divergence. 

First, however, the present investigations on mammals ^vill 
be compared to the experiments performed by Buchthal, Knap- 
peis & Lindhard (1936) on muscles of the frog. In muscles of 
the frog the actual shortening during contraction also takes 
place in the A-substance; A is shortened by 18 per cent, I 
elongated by 28 per cent, in case of tetanic, isometric contrac- 
tion at equilibrium length; at length 116 the changes are 17 
and 24 per cent respectively, and at length 141 they are 22 and 
42 per cent. At equilibrium length A thus amounts to 52 per 
cent of the height of compartment during contraction. In later 
materials the changes in the ratio A:I during contraction 
found by Buchthal & Knappeis are slightly smaller (Buchthal, 
1942, pp. 49 — 51 )> they state that the indiwdual fibres exhibit 
individual quantitative differences, but it holds for all fibres 
that changes during contraction are smaller at moderate de- 
grees of stretch (length 110 — 130) than at equilibrium length 
and at high degrees of stretch. They do not find any micro- 
scopically appreciable gradation of the changes in cross 
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striation during contraction corresponding to the gradation of 
tension exhibited by the muscle fibres during contraction at 
various degrees of stretch (Buchthal & Knappeis, 1943, b). 
Their experiments are. consistent with the experiments on 
mammalian muscles in so far as it has also been impossible 
to recognize such a gradation here, but in mammals the per- 
centage shortening of A is independent of the degree of stretch, 
while, as mentioned, the frog muscles exhibit a certain vari- 
ation which is the same in the various experimental series 
(Buchthal, 1942, p. 50). 

Holz’ results from fibres of the frog (1932) are on line 
with these investigations, his results being that A is shortened 
during isotonic contraction. While in resting fibres A amounts 
to 50 — 55 per cent of the height of compartment it amounts 
to 43 — 47 per cent during contraction when the height of 
compartment has been reduced by 5 — 7 per cent, and 45 — 49 
per cent when the height of compartment has been reduced 
by 20 — 25 per cent. Sandow’s work on the diffraction spectra 
of muscles of the frog (1936) likewise shows that the changes 
during contraction must be opposed to the changes during 
extension, and that the changes may either consist in variations 
in the refractive indices of A and I or in variations in the 
A : I ratio. 

In contrast to the above Hurthle (1931, c) observed that 
the ratio A : I is the same in resting and contracted fibres when 
investigating fibres of the frog fixed according to Altman’s 
freezing technique; and Feijel (1936) likewise finds that A 
and I are both shortened, and that both are contractile ■: — A 
more than I. His experiments are made on muscles of the frog. 

In arthropod muscles Engelmann (1873, 1880) finds that 
the volume of A increases during contraction at the cost of I. 
Hiirthle (1909) states that it is only A which is shortened, 
Knappeis, Lindhard & Tops0e-Jensen (1940) arrive at the 
same result, while Studnitz (1935, a) finds that I is shortened 
when A is shortened by more than 50 per cent. W. J. Schmidt 
(1937, p. 179) also adopts this theory {Kolliker, 1888) as he 
als observes I to be shortened at "maximal contractions”. 

Other authors are of the opinion that the contraction oc- 
curs exclusively in I, e. g. Krause (1873). Frank (1928) shows 
on fixed frog fibres that A is extended while I is shortened at 
isometric tetanic contraction. Hurthle (1930), who has checked 
these experiments, suspects the shortening of I here to be due 
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to artefacts. In tail muscles of the tadpole, examined in vivo, 
Speidel (1939) has observed narrowing both of A and I during 
“simple contractions”, I narrowing relatively more than A 
and the shortening of the height of compartment amounting 
to 10 per cent. His so-called “simple contractions” are stated 
to last only Vm sec. — consequently they are single contrac- 
tions. He has, however, not measured the muscle fibres, for 
which reason his observations must be taken with reservation. 

Engelmann (1873) has stated that the refractive indices 
of A and I are changed during contraction in such a way that 
A appears light in , relation to I in contracted fibres. Several 
authors, e. g. Merkel (1873 — 1881), speak about so-called con- 
traction bands (C) which arise when the anisotropic substance 
“divides” — corresponding to Qjj — and travels to Z where 
these contraction bands — of greater refractive index and 
higher stainability — are thus set up (conf. Jordan, 1920, 1933, 
1934). Bruno (1930 — 1932) argues that this only happens in 
arthropods, in vertebrates the anisotropic substance concen- 
trates about M during contraction. According to d’ Ancona 
(1930) the contraction bands are produced by the I-granules 
being pressed against Z, while W. J. Schmidt (1937, p. 171) 
assumes the contraction bands to be due to intrafibrillar 
changes in Z as well as to compression of I-granules against 
Z, but especially the former. 

In isolated living fibres of the frog (Buchthal & Knappeis, 
1943) or in mammalian muscle fibres no reversal of the cross 
striation during contraction has been observed — it should 
be especially emphasized that no such observations have been 
made during the examinations of single contractions in which 
the time course of the changes in ratio A : I is recorded. 
Neither have Sandow’s investigations on the diffraction spectra 
of muscle fibres (1936) furnished any evidence of a doubling 
of the cross " striation during the actual contraction phase 
which, according to Merkel’s theory (1873), should happen. 

Contraction bands are thus hardly a normal contraction 
phenomenon, but they are especially in evidence when the 
shortening of the fibres is not physiological — i. e. when 
shortening exceeds 45 per cent. 

In chapter V it is mentioned that by releasing contracted 
mammalian muscle fibres to tension nil a shortening of 28 per 
cent is caused; in fibres from frogs Buchthal (1942, p. 24) 
found the corresponding figure to be about 30 per cent, while 
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the shortening in case of tensionless contraction is about 45 
per cent. 

Correspondingly Speidel (1939) finds that the images of 
“simple contractions” will occur when the shortening during 
contraction amounts to 25 per cent or less, while contraction 
bands are formed when the shortening exceeds 40 per cent. It 
is possible , from the literature to quote several investigators 
who have made the same observations, Stiibel (1920), f. inst. 
finds a "compound cross striation” with a height of compart- 
ment of 2.5 /X in living, resting fibres from frog muscles, this 
he considers to be normal, and a simple cross striation with 
a height of compartment of only 0.9 p., which he assumes to 
be an artefact — a kind of “supermaximal muscle contraction” 
which he only observes in “dying or dead muscle fibres”. 
Frank (1928) mentions that shortening heyond 25 per cent 
during “contraction” gives quite different microscopical 
images', and Ramseij & Street (1940) find that irreversible 
changes both as regards cross striation and mechanical pro- 
perties take place in the muscle fibres when they are induced 
to shorten by 60 — 70 per cent by means of electric stimula- 
tion. 

As may be seen from the above the diverging conceptions 
of the histological picture of muscle contraction are not only 
caused by defective optical technique (errors in focusing, etc.), 
but also by artificial structui’al alterations being interpreted 
as normal contraction phenomena. 

As no difference can be discerned in the height of compart- 
ment or the ratio A : I in fibres from m. obliquus abd. intern, 
whether excised or in situ — in the last case presumably with 
intact innervation — the experiments have yielded no confir- 
mation of the theory that fibres in vivo possess a certain “tone” 
in the shape of a permanent state of contraction. Speidel 
(1938) on .the other hand assumed that fibres in situ are in a 
“tonic” slightly contracted state, even if he could not histologi- 
cally recognize any shortening of the sarcolemma. 

The various hypotheses regarding the anatomical substra- 
tum of muscular tone is summarized in Wohlfart’s paper 
(1937, pp. 14 — 22). Some investigators have f. inst. assumed 
the sarcosplasm to possess contractility (Olivo, 1925; Hdgg- 
quist, 1931, pp. 164 — 165; Speidel, 1939) especially in the shape 
of tonic activity, a theory originally advanced by Bottazzi 
(1896) and which is still adopted by some investigators (i. a. 
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by Riesser, 1925, p. 232). By the present experiments on mam- 
mals nothing has. been found to confirm such a contractility, 
and Rif den & Wohlf art’s “proof” (1932) cannot be described 
as striking. They assume the sarcoplasm to be contractile on 
account of their findings that some muscles contain extremely 
few myofibrils, and in these muscles there would be excessive 
loss of power if the myofibrils were the only contractile ele- 
ments. The theory already propounded by Engelmann (1873) 
that contractility is connected with birefringent substance 
should also be remembered, and, according to Friedheim 
(1931), muscle tissue cultivated in vitro does not exhibit con- 
tractility until cross striation and fibrillar structure can be 
discerned. 


Conclusion. 

The height of compartment and the ratio of anisotropic 
to isotropic substance in the individual compartment vary 
only slightly within the resting muscle fibre. 

With regard to height of compartment as well as ratio A : I 
and changes in the latter during stretch and contraction con- 
formity has been established between the muscles of the 
guinea pig examined, namely the m. gluteus max., m. serratus 
post, and m. obliquus abd. intern. 

At equilibrium length the height of compartment amounts 
to 2.2 fi, this being a fairly reproducible value. 

At equilibrium length the anisotropic substance amounts 
to 62 — 63 per cent of the height of compartment and the 
isotropic to 37 — 38 per cent. 

During stretch of muscle fibres the length of the anisotro- 
pic substance increases more than that of the isotropic. When 
the fibres are stretched 50 per cent A amounts to 65 — 66 per 
cent of the height of compartment. 

isometric, tetanic contraction the shortening of the 
anisotropic substance is on an average 14 — 15 per cent, while 
the increase in height of the isotropic layer is 21 — 25 per cent. 

The percentage change of the A- and I-substance during 
contraction is independent of the degree of stretch of the fibres. 

During single contraction and tetanic contraction the 
changes are the same. 
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During single contraction the changes in the ratio A : I 
last, at most, 30 — 10 msec. 

Muscle fibres from cat, rabbit and goat show the same 
microscopical images as those of the guinea pig. 

The experiments on mammals have given the same results 
as the experiments by Buchthal, Knappeis & Lindhard per- 
formed with identical technique on muscle fibres from frogs 
and lizards. This indicates conformity between the muscles 
of the vertebrates. 

The highly differing observations made by other authors 
may be explained by the use of fixed material, and, in case 
living muscle fibres have been used, by erroneous interpreta- 
tion of the optical images and of artificial structural alter- 
ations are considered to be normal histological phenomena. 



CHAPTER IV. 


INVESTIGATIONS ON THE BIREFRINGENCE 
OF THE MUSCLE FIBRES. 

Investigations of the minute structure of the muscular 
tissue have, as previously mentioned, preferably been carried 
out by means of polarization-optical, roentgen-spectroscopical 
or thermo-elastic methods. Among these methods the one 
directed upon the birefringence is technically the most con- 
venient. 

The experimental conditions of previous determinations of 
the birefringence have, however, been unfavourable, especially 
with regard to the quantitative determinations. When using 
whole muscles ^Hermann, 1880; v. Ebner, 1882; v. Muralt, 
1932; Noll & Weber, 1934 and E. Fischer, 1936, 1944) the 
heterogeneous structure of the muscles with the resultant 
varying and uncontrollable tension of the different muscle 
fibres, the varying contents of tendons, vessels, nerves and 
connective tissue will give rise to inaccurate results. And when 
fixed material is used (i. a. Stiibel^ 1923; Noll & Weber, 1934 
and E. Fischer, 1936, 1944) the experimental results are com- 
promised by the varying and often intense shrinking of the 
fibres produced by the fixatives. When isolated, living muscle 
fibres are examined, however, the experimental conditions 
become more reproducible. Buchthal & Knappeis (1938, 1944 
and 1946) have carried out determinations of the birefringence 
in such preparations from cold-blooded vertebrates, frogs and 
lizards, and corresponding investigations on living mammalian 
muscle fibres ^^^1I now be described. 

The birefringence (na-no) is, as mentioned on p. 69, 

yX • 

determined by the equation (na-no) = -j, where d is the 
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degrees of stretch for which reason the equation x = d. 



can be used for converting the diameter d,, measured at length 
fj, to length fj, and the result may be compared with the 
diameter d^ measured at this length. The ratio between 
the two measured diameters converted to the same length 


d,i/t/f7 


X 100 


is thus an expression of the accuracy of 


measurement and fibre deformation, i. e. deviation from the 
cylindrical shape; as previously shown the height of compart- 
ment can be measured fairly accurately.- Fig. 38 shows the 
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Fig. 3S. 

The ratio between the diameters of individual muscle fibres at two different 
degrees of stretch — as a function of stretch or relaxation respectively. 

The difference between the two diameters is corrected for the variation in dia- 
meter which a corresponding stretching of a cjdinder would effect (sec text 

p 

Preparations: 42 muscle fibres from m. gluteus max. 

Abscissa: ^ ■ X 100. 

fi 

Ordinate: ^-XIOO. 

di 

(f height of compartment in p, d = diameter in p). 



results of these diameter measurements. To avoid systematic 
errors some of the fibres have first been examined in relaxed 
condition and others first in stretched condition. There are 
slightly more values above the zero line in case of stretched 
fibres, slightly more below the zero line in case of relaxed 
fibres. This suggests that the muscle fibres have a tendency 
to flatten wdaen being stretched. 
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To a certain extent it is possible to obtain a check on the 
cross section of the fibres by observing the shape of the devi- 
ation of the interference line in the Babinet’s compensator 
which corresponds to the fibre cross section. A circular 
fibre will produce a regular arch-shaped deviation. In cases 
where the deviation has been irregular or asymmetrically arch- 
shaped the experiment has been discarded. 

The fact that a correction factor is required for measure- 
ments of birefringence carried out with this technique will be 
discussed later on (see p. 143). 

In table 22 the results of the determinations of birefrin- 
gence on muscle fibres at equilibrium length (height of com- 
partment 2.14—2.35 fi) are summarized. 38 fibres from m. 
gluteus max. exhibit an average value of the birefringence of 
(1.68 + 0.08) X 10-® (p = 1 per cent) at an average height of 
compartment of 2.28 /x. The corresponding value for fibres 
from m. serratus post. (17 fibres, average height of compart- 
ment 2.27 fi) amounts to (1.64 + 0.12) X 10—*. The- difference 
between these two mean values is within the standard error 
of the mean. If we consider the two experimental series as a 
whole (55 fibres, average height of compartment 2.28 /x) the 
mean figure for the birefringence will be (1.67 + 0.06) X 10—*. 

In order to ascertain whether there is any difference be- 
tween the birefringence of thin and thick muscle fibres the 
ratio; phase difference (yA) to thickness of fibre (d) has been 
plotted in figs. 39 and 40 for muscle fibres at equilibrium 
length and for the whole material irrespective of degree of 
stretch. It appears from these diagrams that a relatively low 
birefringence has been found for thick fibres and a relatively 
high one for thin fibres. It should be emphasized that this 
phenomenon does not only apply to the material in toto, but 
also to the fibres at equilibrium length. Consequently the differ- 
ence is^ not caused by extension — what might be expected, 
as the material in toto, as a matter of course, contains a larger 
percentage of stretched muscle fibres among the thin fibres 
than among the thick ones — but indicates a certain flatten- 
ing of the thick fibres. 

The relation of the birefringence to the degree of stretch 
0 t e muscle fibres can be illustrated by means of experi- 
ments on the individual fibres and by investigation of the 
ma enal as a whole. Fig. 41 shows some examples of the 

era ion o 1 re diameter, phase difference and birefringence 
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Table 22. 

Birefringence of muscle fibres from in. gluteus mnx. imtl ni. serratus post, at cqullibrluni length and during stretch. 
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lug. 39. 

Phase difference ns a function of thick- 
ness of fibre nt equilibrium length 
of the muscle fibres. 

Preparation: 55 muscles fibres from m. 
gluteus max. and in. serratus post. 

The height of the hatched columns 
denotes the number of experiments 
bj" means of which the individual 
points have been determined. 

The line represents the calculated phase 
difference at different thickness 
of fibre with a birefringence of 
1.G7 X 10-^. 

Abscissa: diameter of fibre in fi. 

Ordinate: (to the left) phase difference 
(^X) in 

(to the right) number of ex- 
periments. 


{htekneis of /f ter. 

Fig. ^iO. 

Phase difference ns a function of thick- 
ness of fibre, measured on muscle 
fibres independent of their degree 
of stretch. 

Preparation; 117 muscle fibres from in. 
gluteus max. and m. serratus post. 

The line represents the calculated phase 
difference at different thickness 
of fibre with a birefringence of 
1.72 X 10-^. 

Abscissa: diainclcr of fibre in fi. 

Ordinate: (to tlie left) phase difference 
(Y\) in m/x. 

(to the right) miml;er of ex- 
periments. 


during stretch of the same fibre. As far as possible the same 
part of the fibre has been used for the various measurements, 
this being secured either by following the actual extension 
under the microscope or by means of some distinguishing 
marks on the fibre — e. g. fibrils of connective tissue or the 
like. When the fibre is stretched the phase difference de- 
creases, and at the same time the fibre diameter is diminished, 
while the birefringence — being a function of these two values 
may behave in various ways, as seen from the examples 






Fig. 

Diameter of fibre, phase difference and birefringence as a function of stretch. 
Four individual experiments. 

Preparations; muscle fibres from m. gluteus max. (a, b, c) and from m. scrratus 
post. (d). 

The arrows indicate the sequence of the measurements. 

Abscissa; height of compartment in yu. 

Ordinate; diameter of fibre (= d) In pL. 

phase difference (yX; In mp. 
birefringence (n^ — n^} X ^0'^- 

shown (fig. 41). Most frequently the birefringence remains 
unaltered, but there are cases in which it increases as well as 
cases in which it decreases when the fibres are stretched; the 
variation of the birefringence in the individual experiments 
thus merely seems to be an expression of the dispersion of 
the technique used. In fig. 42 the mean values for the whole 
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material are shown. The latter also exhibits a fairly unaltered 
birefringence at the various degrees of stretch. Only when the 
fibres are stretched beyond length 150 does an increase of the 
birefringence occur, but the experiments are too few to justify 
this being established as a fact, neither is the difference 
statistically valid. 

In muscle fibres below equilibrium length a relatively high 
birefringence has been found, namely 1.83 X 10-^, this being 



/engih of A* D. 

Fig. 42. 


Birefringence as a function of degree of stretch. 

Preparation: 117 muscle fibres from m. gluteus max. and m. scrratus post. 

The figures above the hatched columns denote length of fibre (equilibrium 
length = 100). 

The height of the hatched columns represents the number of experiments \vithin 
each group (length 95 — ^105, 105 — ^115 etc.). 

Abscissa: height of compartment in fi. 

Ordinate: (to the left) birefringence — n^) X 19"^. 

(to the right) number of experiments. 


the mean of nine fibres at an average fibre length of 93. The 
high value measured does hardly represent an actual increase 
of the birefringence, but is no doubt due to a deformation — 
wrinkling or the like — of the muscle fibres caused by the 
compression, which results in an erroneous measurement of d. 

The birefringence of the whole material, independent of 
the degree of stretch, amounts to (1.72 + 0.04) x 10—^. 

When the muscle fibres were injured Buchthal & Knap- 
peis often found a temporary increase of the birefringence — 
values up to 2.3 x 10—^. Such high figures have not been found 
by experiments on mammalian muscle fibres — the latter 
always exhibited a decrease of the birefringence when injured. 
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Discussion. 

Buchthal & Knappeis (1938) found proportionality between 
phase difference (yl) and thickness of fibre (d), their dia- 
grams only showed a somewhat high value of the birefringence 
of thick fibres unlike the observations of mammalian muscle 
fibres which show relatively high anisotropy of the thin fibres 
and relatively low anisotropy of the thick fibres. This fact 
may be daused by the thick fibres being flattened more than 
the thin ones in mammalian muscle fibres. Tbe measured 
value of d is consequently higher than the actual one and the 
birefringence of the thick fibres have thus been found too low. 
The possibility that the thick muscle fibres have a relatively 
smaller content of myofibrils than the thin ones cannot be 
completely excluded either. It is asserted, e. g. by Schieffer- 
decker & Schultze (1903) that in case of activity-hypertrophy 
of the muscle fibres it is preferably the sarcoplasm which is 
increased, only to a minor degree the myofibrils. According to 
E. Fischer (1940) there is no definite relationship between 
decrease of fibre diameter and decrease of phase difference in 
case of muscle atrophy. 

Hermann (1880) and v. Ebner (1882, p. 138) found diffe- 
rent anisotropy in different muscles of the same animal. The 
present investigation shows no such variation, at any rate the 
difference between the results obtained by determining the 
birefringence of muscle fibres from two different muscles is 
smaller than the dispersion. The fact that the ratio A : I is 
practically identical in the two different muscles is quite in 
agreement with the uniform birefringence of the two muscles, 
but identical A : I ratio need not, of course, result in identical 
birefringence. 

As regards the magnitude of the birefringence the results 
of the present investigation show good conformity with those 
of Buchthal & Knappeis (1938) which are obtained with the 
same experimental technique. Buchthal & Knappeis found the 
average value .of the birefringence of living isolated fibres from 
m. semitendinosus of the frog to be (1.70 + 0.016) X 10-^. In 
the guinea pig the average figure for the birefringence of 
isolated fibres was d.67 + 0.06) X 10-^. The difference is so 
small that it is not necessarily real, being within the standard 
error of the mean. The same reasoning as mentioned above 
may also be applied herer the fact that the birefringence of 
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muscle fibres of frogs and mammals measured by the same 
method has been found to be the same confirms the correctness 
of the histologically observed conformity between the A : I ratio 
of the cross striated muscles of the two different animal classes 
— and vice versa. 

In later investigations (not yet published), which have been 
carried out after my birefringence measurements have been 
concluded, Buchthal & Knappeis use the improved technique, 
already mentioned, of direct measurement of the thickness 
of the birefringent layer, they now find a higher value of the 
birefringence of the muscle fibres of frogs than in their first 
experiments, namely a birefringence of (2.01 + 0.048) X 10~® 
as against the previous result (1.70 + 0.016) X 10-^ — i. e. a 
figure which is 18.5 per cent higher. This difference suggests 
that by the experimental technique used in the first investiga- 
tions a slight deformation of the muscle fibres has been pro- 
duced. The relatively low birefringence of the thick fibres ob- 
served during the present investigation may, as discussed 
above, be an indication in the same direction, and the check 
measurements of the diameter likewise suggest a tendency to 
deformation of the fibre cross section dependent on the longi- 
tudinal tension of the muscle fibres. 

Buchthal & Knappeis (1946) have carried out a closer in- 
vestigation of these conditions and demonstrated that the 
fibres become slightly deformed by resting against the slide. 
The magnitude of this deformation is such as to cause an 
error in the determination of the birefringence of 17 — 18 per 
cent. It has already been mentioned in chapter I that Buchthal, 
Deutsch & Knappeis (1946) also observed that the cross sec- 
tion of muscle fibres from frogs is far from circular, but such 
irregularity in the cross section of the fibres will not influence 
the mean value of the birefringence determinations. As a con- 
sequence of the preparation technique the fibres are equally 
often orientated with the largest as with the smallest diameter 
at right angles to the muscle chamber, so that the errors of the 
individual determinations will he equalized when the material 
is sufficiently large. 

As a consequence of these investigations by Buchthal & 
Knappeis a correction should be introduced in the bire- 
fringence measurements obtained by means of the technique 
used by me. The mammalian muscle fibres show a birefrin- 
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gence of 1.98 X 10—^ when a correction based on the frog fibre- 
experiments is introduced. 

The results obtained by other previous quantitative deter- 
minations of the birefringence of muscle tissue vary between 
1.70 and 3.00 X lO-^. Among such investigations the following 
may be mentioned: 

V. Ebner (1882, p. 138): living m. sartorius of frog. 
Birefringence: 2.07 x 10-^ 

Stiibel (1923) : muscles of the frog, fixed by means of alcohol 
and 10 per cent formol respectively. 

Birefringence: 3.00 x 10-^ and 2.20 X 10-^ 

Noll & W eber (1934) : fixed fibres from various muscles of the 
frog and living m. cutaneous pectoris in toto also of the 
frog. 

Birefringence: 2.30 x 10—^ 

T. Y. Liang (1936) : living, isolated fibres from ni. sartorius of 
the frog. 

Birefringence: 1.90 x 10—^ 

Buchthal & Knappeis (1938): Ihing, isolated fibres from m. 
semitendinosus of the frog, 

Birefringence: (1.70 + 0.016) X 10—* 
living, isolated muscle fibres of the lizard. 
Birefringence: 1.81 X 10-* 

Buchthal & Knappeis (1946): living, isolated fibres from m. 
semitendinosus of the frog. 

Birefringence: (2.01 + 0.048) X 10—* 

E. Fischer (1944): the following surviving whole muscles: 
m. sternohyoideus of the dog, 

Birefringence: (2.48 + 0.07) X 10—* 
m. sartorius of the dog. 

Birefringence: (2.60 + 0.11) X 10—* 
m. rectus abdominis of the dog, 

Birefringence: (2.57 + 0.15) X 10—* 
cross striated muscle tissue from oesophagus of the dog. 
Birefringence: (2.54 + 0.09) X 10-* 
m. rectus abdominis of the mouse. 

Birefringence: (2.61 + 0.02) X 10—* 
and various fixed mammalian muscles. 

Birefringence: (2.25 — 2.58) X 10—* 
a few check experiments on muscles of the frog. 
Birefringence: 2.24 x 10—* 
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In chapter I the polarization-optical conditions of the indi- 
vidual microscopical, structural elements of the muscle fibres 
are dealt with. It may he emphasized that mammalian muscle 
fibres, just as muscle fibres from frogs, impart a finely serrated 
contour to the arch-shaped deviation of the interference line 
in the Babinet’s compensator, and this must mean that the 
birefringence is caused by the longitudinal structural elements 
of the muscle fibre, i. e. the myofibrils. 

According to the present material the birefringence is inde- 
pendent of the stretch of the fibres — at any rate as long as 
the degree of stretch does not exceed 60 per cent of the equili- 
brium length of the fibres. Hermann (1880) could not observe 
any changes in the constants of the muscles during stretch. He 
certainly found that the phase difference decreased more than 
the calculated thickness of the fibre bundle, but this he explained 
by assuming the fibre bundle to be flattened when stretched, 
as he found fibre bundles of the same thickness, but at differ- 
ent degrees of stretch, to have the same birefringence, v. Eh- 
ner (1882, pp. 80 — 88) found different alterations of the bire- 
fringence when stretching different muscles, the slightly aniso- 
tropic muscles exhibited increase of the birefringence, the more 
birefringent muscles were unaltered by stretch. Bnchthal & 
Knappeis* first investigations (1938) did not show any increase 
of the birefringence on extension either, the birefringence 
being 1.75 x 10-^ for stretched fibres, as against 1.70 X 10—^ 
for fibres at equilibrium length. They did not examine fibres 
elongated more than 45 per cent. The later material (1946) 
on the other hand showed a small increase of the birefringence 
during stretch, 3 per cent for each 25 per cent of stretch, hut 
they also recorded considerable variations within the indi- 
vidual experiments. El Fischer (1944) observed a slight in- 
crease of the birefringence when whole, living muscles were 
stretched — the material used being mostly the m. rectus ab- 
dominis of the mouse. At “normal” length the birefringence 
of this muscle was (2.61 + 0.02) X 10-®, at slight elongation 
(2.68 + 0.02) X 10-^, and at 27 per cent of stretch (2.79 + 
0.03) X 10-^. The difference is statistically valid and amounts 
to an increase of the birefringence of 4 per cent at 25 per cent 
of stretch of the fibres. During stretch of smooth muscles a 
pronounced increase of the birefringence will, according to 
E. Fischer (1936, 1944), likewise occur. My material also 
suggests such and increase, but, as already mentioned, the 
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material alone is not sufficient to prove the existence of this 
increase — it is only at the higher degrees of stretch that the 
increase in the birefringence becomes more obvious. 

Whether it is the rod birefringence or the crystalline bire- 
fringence of the myofibrils which is increased when the fibre 
is stretched cannot be disclosed by examination of Imng 
muscle fibres — for this purpose imbibition experiments are 
required. The quoted investigations by Buchthal & Knappeis 
(1940) on the diffraction spectra of muscle fibres, which 
shows that the orientation of the micellae is not strictly parallel 
at equilibrium length and does not become parallel until the 
fibres are stretched 10 — 30 per cent, is not inconsistent with 
the birefringence investigations. A slight deviation from the 
parallel orientation of the micellae will not influence the bire- 
fringence perceptibly. 

On myosin threads, which are not, however, directly com- 
parable to muscle fibres, H. H. Weber (1934, b) found that 
the initial increase in the birefringence during stretch may be 
considerable and is due to increase of the rod birefringence, the 
orientation of the micellae becoming parallel; the later, less 
pronounced, increase is caused by an increase of the crystal- 
line birefringence. In smooth muscle fibres E. Fischer (1938) 
found that the birefringence increases when the fibres are 
stretched, and this increase was supposed essentially to be due 
to the crystalline birefringence, as the rod birefringence is at 
its optimum already at “normal” length of the fibres. By the 
imbibition method E. Fischer examined cross striated mam- 
malian muscles fixed at different lengths, and be found that 
while the rod birefringence and crystalline birefringence are 
equally much influenced by alterations of the length of such 
muscle fibres, the smooth mammalian muscle fibres show 
much greater decrease of the rod birefringence than of the 
crystalline birefringence when shortened. As, however, the pre- 
parations have been fixed while still contractile these experi- 
mental results cannot be assumed to express any “physiologi- 
cal” function of the muscle fibres — conf. the fixation arte- 
facts mentioned elsew^here. 

It has not been possible, with the available methods, to 
investigate the changes in the birefringence during contrac- 
tion. Such investigations have, however, been performed on 
living frog muscles e. g. by u. Muralt (1932) and on living. 
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isolated frog fibres by Biichthal & Knappeis (1938) and Buch- 
thal, Deiitsch & Knappeis (1944, 1946), as mentioned in chap- 
ter I. 


Conclusion. 

On isolated, living, cross striated muscle fibres of the 
guinea pig the birefringence has been measured to be (1.67 + 
0.06) X 10-^ at equilibrium length. 

Later investigations by Buchthal, Deutsch & Knappeis 
(1946) with a more accurate technique have shown that the 
birefringence, as measured by the technique employed by 
Buchthal & Knappeis (1938) and by the author of the present 
work, is 18.5 per cent too low. The exact birefringence of 
muscle fibres of the frog was measured by Buchthal & Knap- 
peis (1946) to be 2.01 X 10“^ The corrected birefringence of 
mammalian muscle fibres is 1.98 x 10—®. 

The birefringence is measured to be slightly lower for thick 
muscle fibres than for thin ones, a fact which is assumed to 
be caused by a slight flattening of the thick fibres or, possibly, 
a relatively smaller content of birefringent substance in the 
latter. 

Fibres from various muscles — ni. gluteus max. and m. ser- 
ratus post. — show practically the same birefringence: (1,68 + 
0.08) X 10—® and (1.64 + 0.12) x 10—® respectively. 

The birefringence is caused by the longitudinal structural 
elements of the muscle fibres — the myofibrils. 

The birefringence of muscle fibres of the guinea pig is of 
the same magnitude as the birefringence of muscle fibres of 
the frog — the latter being (1.70 + 0.016) X 10—® (according 
to Buchthal & Knappeis, 1938) when measured with the same 
technique. 

This confirms the fact that histologically the ratio A : I is 
found to be the same in muscles from these two animal classes. 

The present material does not prove that the birefringence 
increases when the muscle fibres are stretched, but it indicates 
such an increase. 



CHAPTER V. 


INVESTIGATIONS ON THE MECHANICAL 
PROPERTIES OF THE MUSCLE FIBRES. 

The mechanical properties of the muscle fibres can be 
examined by means of static, dynamic or semi-dynamic ex- 
periments. Through static experiments the relationship be- 
tween length and tension- of the fibres during rest and con- 
traction is examined after complete stabilization, i. e. when 
the elastic after-effects have ceased. In case of dynamic ex- 
periments the recording of length and tension takes place 
during the actual movements, and when the latter occur at a 
reduced speed — the extension lasting for 1 — 10 sec. — the 
experiments are called semi-dynamic. 

When examining the mechanical properties of muscle 
fibres, distinction should be made between elasticity, viscosity 
and plasticity of the fibres. 

A body is referred to as elastic if it alters its shape, when 
external forces are applied to it, and regains its original shape, 
when the forces cease to act. The elasticity of a substance is 
usually expressed by its modulus of elasticity 

A tension X length 
A length X cross section 

i. e. the force (in dynes) which must act upon a cross section 
of 1 sq.cm, of the body in order to double its length 
(A length = length). It is, however, not only the longitudinal 
elasticity but also the torsional elasticity, which is used to 
define the elastic properties of a body. The present investiga- 
tion deals exclusively with longitudinal elasticity. 

When examining the mechanical properties of muscle 
fibres, it is not so much the absolute values which are of 
importance, but rather the relative changes which occur when 
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muscle fibres are stretched or contracted. By this method it 
is possible to obtain information of the minute structure of 
the fibres and of the changes which occur in the latter during 
extension and contraction. 

Muscle fibres belong to the so-called high-elastic sub- 
stances, in which a slight variation of tension will produce a 
considerable change in length and cross section. When the 
variation of the minute structure of the muscle fibres is just 
the aim of the investigation, it is most convenient to use the 
stiffness, i. e. the ratio of corresponding increases of tension and 
length (A tension/A length), as emphasized hy Biichihal (1942, 
p. 67). The stiffness may be recorded directly without it being 
necessary to determine the cross section of the muscle fibres. 
The variation of stiffness with tension is primarily caused by 
changes in the molecular and micellar minute structure of the 
muscle fibres and, to a smaller extent, by the inversely pro- 
portionate changes in length and cross section. 

By the viscosity of muscle fibres w'e understand the internal 
resistance (damping) and the elastic after-effects of more or 
less rapid variations in length which result in deficient 
stabilization. In static experiments, w'here only stabilized 
values are examined, the viscous damping and elastic after- 
effects have ceased. In semi-dynamic and dynamic experi- 
ments the length-tension variation is recorded wdiile the 
viscous properties are active or before they have begun mani- 
festing themselves; the more rapid the variation in length the 
less the viscosity will reduce the variation in tension. As the 
muscle fibres possess free elasticity as well as elasticity damped 
by viscosity, static experiments will serve to determine the 
total elasticity, while dynamic experiments will essentially 
furnish a measurement of the free — not damped — elasticity. 

When examining the dynamic stiffness by means of pe- 
riodical variations in length the stiffness is thus found to vary 
with the frequency {Buchthal, Kaiser & Knappeis, 1944). For 
the determination of the stiffness of mammalian muscle fibres 
the frequencies of the variations in length employed have been 
10 and 100 cycles per sec. 

Finally the muscle fibres have plastic properties, as me- 
chanical stresses exceeding a certain magnitude may produce 
small irreversible deformations of the muscle fibres, e. g. 
elongation of the equilibrium length, which are not tantamount 
to lesions of the structure. Yielding during contraction, which 
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is dealt with in a later section, is, for instance, a plastic 
function. 

It applies equally much to the following investigations as 
to the quantitative birefringence determinations that the ex- 
periments should be performed on individual muscle fibres, 
or at any rate on small bundles with paralleh muscle fibres 
of uniform length from which the fascia has been removed. 
When investigating whole muscles there are too many uncon- 
trollable and variable factors caused by differing lengths and 
dimensions of fibres, varying course of fibres and heterogeneous 
contents of connective and tendinous tissue. It is only during 
the last ten years that the mechanical properties of muscle 
fibres have been examined by means of isolated fibres and 
fibre bundles {Sichel, 1934; Asmussen, 1934, 1936; Ramsey & 
Street, 1940; Buchthal, 1942; Buchthal & Knappeis, 1943, a 
and b; Lundin, 1944; Buchthal, Kaiser & Knappeis, 1944, and 
Buchthal & Kaiser, 1944). All previous experiments right from 
E. Weber’s investigation in 1846 deal with the mechanical 
properties of whole muscles. 

The investigations on the mechanical properties of mamma- 
lian muscles are chiefly made for the purpose of comparing 
them to the experiments on the fibres of the frog, and are 
consequently most conveniently described in conjunction with 
the latter. 


A. Static Experiments. 

Static Length-Tension Diagrams during Rest. 

Fig. 43 shows the mean curve of the length-tension dia- 
grams of nine different fibre bundles. Length-tension diagrams 
of fibres from m. gluteus max. and m. serratus post, show no 
fundamental difference. In the beginning the increase of the 
tension in relation to the elongation is only small, i. e. the 
stiffness increases only slightly; it is not until an elongation 

of 30 40 per cent has been reached that the tension increases 

relatively more than the length, i. e. the static stiffness in- 
creases. In a few experiments the fibres have been stretched 
up to 100 per cent (fig. 44), and in all experiments the static 
stiffness is found to increase with increasing stretch. 
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The small increase of tension at low degrees of stretch may 
probably be explained by the fact that the micellae are not 
completely longitudinally orientated at equilibrium length of 
the fibres — as shown by Biichthal & Knappeis (1940) by their 
investigations on the diffraction spectra of muscle fibres — 
but become straightened out during stretch. When fibre length 
exceeds 110 — 130 the micellae are completely straightened 



Fig. ^f3. 


Static length-tension dlngram of muscle fibres at rest nnct during Isometric, teta- 
nic contraction. 

a) tension at rest, b) total tension (= tension at rest extra-tension during 
contraction), c) extra-tension during contraction for Isometric, tetanic con- 
traction. 

a) mean curve of 9 experiments, b) and c) mean curves of 9 experiments on 
fibre bundles from m. gluteus max, and m. serratus post. (conf. text p. 154). 

Abscissa: length of fibre (equilibrium length == 100). 

Ordinate: tension In mg. 


out, consequently the curves do not until then supply a true 
picture of the elastic conditions of the minute structural ele- 
ments. Sichel (1934 — 1935) observed the length-tension dia- 
grams of isolated muscle fibres to be linear at low degrees of 
stretch, while the curves for whole muscles showed increasing 
static stiffness, also at low degrees of stretch. Asmiisscn (1936) 
found the length-tension diagrams to be uniform for indivi- 
dual muscle fibres and for fibre bundles and both he and 
Biichthal stated the first part of the length-tension graph to 
be curved with the concavity upwards. The corresponding 
diagrams of cardiac muscles {Lundin, 1944, p. 40), on the 
other hand, show a steeper gradient at the beginning — the 
concavity of the curve facing downwards — a similar length- 
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static length-tension diagram of muscle fibres at rest ( • ) and during isometric, 
tetanic contraction (X). Single experiment on a fibre bundle from m. serra^ 
tus post. 

Abscissa: length of fibre (equilibrium length = 100). 

Ordinate: tension in mg. 


tension curve as exhibited by rubber. The minute structural 
elements of the cardiac muscles are less pre-orientated at 
equilibrium length than those of skeletal muscles. 

Ramsey & Street (1940) claim that the length-tension 
diagram is exclusively determined by the sarcolemma, as they 
find identically shaped curves for intact muscle fibres and for 
muscle fibres with damaged contents, but with intact sar- 
colemma. In contrast with this Sichel (1941) has later on 
shown that the stiffness of the sarcolemma of damaged parts 
of muscle fibres is one to four times less than that of intact 
fibres. In damaged fibres the sarcolemma will moreover be 
deformed, which must result in an increase of its “normal” 
stiffness. The sarcolemma only amounts to a small part of the 
volume of the muscle fibres, also for this reason it is unlikely 



153 


that the length-tension diagram of the muscle fibres should 
be caused by the elasticity of the sarcolemma. 

The static length-tension diagram of muscle fibres at rest 
is only reversible for extension up to length 140 — 150, and the 
equilihrium length is not a completely constant value eithe . 



Fig. h5. 

Static Icnglh-tcnsion diogrnm of resting imisclc fibres nt stretch (top curve) nnd 
release (bottom curve). Single experiment on fibre bundle from m. serrntus 
post. 

Abscissa: length of fibre (equilibrium length = 100), 

Ordinate: tension In mg. 


At higher degrees of stretch — above length 145 in frog fibres, 
according to Asmussen (1936) — an elongation of the equili- 
brium length of the muscle fibres will occur on account of a 
low degree of plasticity. Thus the muscle fibre is not an ideal 
elastic body. Fig. 45 represents an irreversible, static length- 
tension diagram from mammalian muscle fibres illustrating 
the fact that the equilibrium length has increased by about 
10 per cent after the fibres have been stretched to length 170. 
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Static Length-Tension Diagrams during Tetanic Contraction. 

The absolute increase of tension during isometric contrac- 
tion of course differs widely in the various fibre bundles, but 
the relative increase of tension during contraction, calculated 
in per cent of the tension at rest, also varies considerably from 
preparation to preparation. A mean curve of five experiments 
(fig. 43), in which the increase of tension has thus been cal- 
culated in per cent of the tension at rest, shows that the 
tension during contraction at equilibrium length corresponds 
to a tension of the resting fibres at length 125. In some prepa- 
rations the extra-tension during contraction (fig. 43, curve 
c = the difference between curves a and b) has the same value 
at equilibrium length and at elongations up to length 150, 
while other preparations show higher extra-tension during 
contraction at length 120 — 130 than at equilibrium length — 
this also applies to the mean curve (fig. 43). Such a maximum 
on the curve of the extra-tension during contraction might be 
due to different degrees of stretch* of the indiwdual fibres of 
the bundle, but it may, however, also be found in curves re- 
presenting isolated muscle fibres. Asmussen (1936) f. inst. 
examined frog fibres which had their largest extra-tension 
during contraction at length 120 — 130. A slight extension of 
the fibres thus seems to provide optimum conditions for a good 
contraction — possibly on account of the complete longitudinal 
orientation of the micellae. 

In case of extension beyond length 140 — 160 the extra- 
tension during contraction decreases and finally becomes nil 
— just as in frog fibres (shown e. g. already by Btix, 1895). 
According to Buchthal this condition occurs in frog fibres 
when the fibre has been stretched 60—100 per cent. A few 
experiments at such high degrees of stretch are carried through 
with mammalian muscle fibres, and tbe conditions observed 
are the same. Decrease of the extra-tension during contraction 
xvith increasing extension may have the results that the total 
tension during contraction also decreases with increasing 
length at the higher degrees of stretch. In that case the shape 
of the curve b will not be regularly concave, but will exhibit 
a small peak. 

The reason why the extra-tension during contraction de- 
creases at high elongations was assumed by Asmussen (1936) 
to be a decreasing irritability, but later experiments by Buck- 



thal (1942, p. 22) have shown that it is mainly due to a reduced 
contractility — a fact which is related to the above-mentioned 
"yielding” — a plastic elongation of the equilibrium length 
of the fibres during contraction, which will occur when the 
contracted fibres are exposed to tension beyond a certain 
magnitude. "Yielding” is dealt with in details below. 

Curve b of fig. 43 represents the maximum tension during 
isometric contraction, but the values of the maximum tension 
as a function of length are not reversible — as already shown 
by V. Kries (1880) and BUx (1892). If a fibre is released 
during contraction the tension "will decrease according to a 
curve the gradient of which is steeper than that of the "isome- 
tric maxima”, as shown i. a. by Sulzer (1930) and Asmusscn 
(1936). According to Buchthal (1942, p. 24) this fall in tension 
is chiefly due to an elastic locking of the contracted fibres — 
not to a defective stabilization (viscosity) as asserted by Gasser 
& Hill (1924). It was shown by Buchthal that when an isome- 
trically contracted fibre during continuous contraction is re- 
leased to the same tension as at rest, a considerably lower 
tension will be reached than the one corresponding to the 
tension during isometric contraction at this new length — in 
spite of the fact that the fibre is allowed to stabilize completely 
after the release. At the maximum of the isometric tetanic con- 
traction the fibre has become elastically locked at its contrac- 
tion length. 

On the cardiac muscles of the frog Lundin (1944, p. 43) 
could not observe any locking during contraction, as release 
produced a fall in tension following curves with the same 
gradient whether the cardiac muscle fibres were contracted or 
at rest. 

By stretching contracted muscle fibres a tension is pro- 
duced, which is above the curve of the isometric maxima 
{Beck, 1923; Sulzer, 1930; Asmussen, 1936), at any rate for 
the degrees of stretch above length 150 {Buchthal, 1942, p. 22). 
Asmussen considers this to indicate incomplete stabilization, 
while Buchthal, 1942, p. 22) also found this condition to prevail 
in cases where full stabilization must have been reached, and 
explains the condition on the basis of his model of the minute 
structure (conf. p. 181). 

In this connection it is of interest to ascertain the shortest 
length the rnuscle fibres may attain during contraction, i. e. 
the contraction equilibrium length. As a consequence of the 



156 


elastic locking this is no uniform figure, but depends on the 
external conditions of the contraction. In case of tensionless 
contraction the shortening ■will be more pronounced, than if 
the fibres are first allowed to shorten during contraction and 
then released to tension zero. The length of contracted fibre 
bundles released from isometric contraction to tension nil has 
been determined on two different preparations, the length, 
tension and stiffness being recorded simultaneously while the 
fibres are stretched and released four to five times during con- 
tinous contraction. Tension zero is determined both directly 
and by means of the stiffness. The results of the experiments 
show that by tension nil the length of the fibres at release- 
contraction is 64 — 70 to 74 — 80, i. e. on an average 72 (equili- 
brium length 100). The values are found to be slightly lower 
when determined during stretch, namely 64 — 70, than when 
determined during release, namely 74 — 80, which is due to 
defective stabilization (■viscosity) of the fibres, the experiments 
in question being semi-dynamic experiments. 

On isolated frog fibres Buchthal (1942, p. 24) found the 
contraction equilibrium length at release-contraction to be 55 
(45 — 65). When using fibre bundles it is of special importance 
in these experiments, that the fibres of the bundle have the 
same length and are stretched to the same extent. If a few 
of the fibres of the bundle are stretched at the rest equilibrium 
length found for the whole bundle, these fibres may during 
release-contraction produce a curving of the other fibres, and 
the shortening of the latter fibres during contraction is 
measured to be greater than it actually is. These circumstances 
explain why the shortening during contraction in experiments 
on whole muscles has been found to be more pronounced 
up to 85 — 90 per cent (Weber, 1846) — than in experiments 
on isolated fibres or small fibre bundles of homogeneous struc- 
ture. On isolated fibres of the frog Ramsey & Street (1940) 
found a shortening during contraction of up to 65 — 70 per 
cent of the “equilibrium length”. As equilibrium length they 
employed the length at which the extra-tension during con- 
traction was maximum; this corresponds to length 125 ac- 
cording to my definition, so that correspondingly the contrac- 
tion equilibrium length will be 38—44. Their experiments do 
not, however, deal ■with reversible contractions; they them- 
sel^ves say, that after such a maximum contraction the fibres 
pass into a state referred to by .them as “delta state” and now 
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exhibit a permanent shortening of the equilibrium length and 
an altered length-tension diagram during contraction. Ramsey 
& StreeVs microphotographs of such fibres moreover show a 
destroyed cross striation. Therefore this kind of contraction 
can hardly be considered as physiological, but it is due to 
lesions of the fibres. 


Length-Tension Diagrams for Single Contractions. 

Figs. 46 and 47 show examples of tension variations 
during isometric single contractions as a function of time, 
recorded at different degrees of stretch. Only the extra-tension 
has been measured. The initial tension at the different degrees 
of stretch is neglected. The experiments show that the increase 
of the tension during single contraction is highest at fibre 
length 115 — 125, while it is smaller at equilibrium length and 
decreases in case of further extension of the fibres. This ob- 
servation corresponds to the conditions of isometric, tetanic 
contraction (fig, 43) and has also been ascertained for fibres 
of the frog (Asmussen, 1934, 1936; Bucfithal, 1942, p. 29, 
1944). In his first investigation on the mechanical properties 
of the muscle fibres (1942, p. 33) Buchthal claims, that the 
peak tension in case of single contraction is reached in the 
course of the same time, irrespective of the degree of stretch 
of the fibres, while the descending part of the curve is longer 
the higher the degree of stretch of the fibres, only in case of 
fatigue the ascending part of the curve is found to be of varying 
length. In my experiments the duration of the actual con- 
traction phase is shortest at equilibrium length, but longer 
the higher the degree of stretch of the fibres, and this in spite 
of the fact that the order in which the experiments have been 
performed does not follow the degree of stretch. The prepara- 
tion of fig. 46 was f. inst. first subjected to contraction at 
length 118, then at lengths 109, 145 and finally at length 127. 
It may be mentioned that the temperature of the muscle 
chamber has been controlled continuously during these ex- 
periments. In experiments where mammalin muscle fibres 
have been exhausted, a fact which manifests itself through 
a decrease of the peak extra-tension during contraction, no 
significant increase of the duration of the contraction has . 
been observed (fig. 48). Buchthal & Kaiser’s later experiments 
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Figs. 46 — 47. 

Variation of tension during isometric, single contraction os a function of time. 
Experiments at various degrees of stretch of the same fibre bundle. The fi- 
gures below the curves represent the lengths of the fibres. The arrows indicate 
the maxima of the curves. 

Preparation: in both experiments fibre bundle from ra. gluteus max. 

Abscissa: time in msec. 

Ordinate: tension In rag. 
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Fig, 48. 

Variation of tension during isometric single contraction in case of fatigue. Ex- 
periments at various states of fatigue of the same fibre bundle. 

The arrows indicate the maxima of the curves. 

Preparation: fibre bundle from m. gluteus max. 

Abscissa: time in msec. 

Ordinate: tension in mg. 

(1944) also showed interdependence between the degree of 
stretch of the fibres and the duration of the contraction phase. 

As regards mammalian muscle fibres the duration of the 
single contractions is 35 — 45 msec., while the actual con- 
traction phase lasts for 15 msec., this figure being recorded 
at a temperature of 37 — 38°C. According to Buchthal (1942, 
p. 33) the single contraction lasts 100 — 150 msec., and the 
contraction phase 40 — 50 msec, in muscle fibres of the frog 
examined at 18 — ^20 °C. 


Length-Tension Diagrams for Single Contractions, Repeated at 

Varying Intervals. 

If the muscle fibres are stimulated by stimuli with gradu- 
ally increasing and decreasing frequencies, it is possible to 
study the manner in which a tetanic contraction is built up, 
figs. 49 50. Fig. 50 shows the results of an experiment 
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Building up a tetanic contraction. Record of the variation of tension during iso- 
metric contraction of a fibre bundle which is stimulated by single impulses 
with increasing frequency: 2—100 stimuli per sec. (Time marked for every 
Vs sec.). Curve recorded from the right to the left. 

Preparation: fibre bundle from m. serratus post. 


carried out at equilibrium length of the muscle fibre. The 
curve is a mean curve of the ascending and descending values 
— corresponding to increasing and decreasing frequencies. In 
this way the errors are equalized which might be caused by 
defective stabilization, occurring if the variation of the fre- 
quency takes place so rapidly that the fibres cannot “keep 
up with” the frequencies of the impulses. In the experiment 



Abscissa: frequency of stimuli per sec. 
Ordinate: tension in mg. 
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represented the extra-tension during contraction (i. e. the 
difference between total tension during contraction and the 
remaining tension) is constant during a frequency increase 
from 4 to 16, then it decreases very slightly, but it only de- 
creases perceptibly at impulse frequencies of more than 40 
cycles per sec., at frequencies of 85 — 90 the contraction is 
purely tetanic, i. e. the tension is constant. Already at a fre- 
quency of 10 a remaining tension is developed, after the single 
contractions the tension do not fall to the same value as be- 
fore, a summation takes place. At frequencies about 25 — 30 
the single contractions follow each other without any interval. 
This corresponds to a duration of the single contraction of 
35 — 40 msec. The mean tension, which is an expression of 
the total mechanical performance of the fibre bundle, here 
reaches a value half way between the resting or remaining 
tension and the total tension — the mean tension being calcul- 
ated on the basis of the frequency-tension diagram. When 
the stimulation frequency is increased from 30 to 70 cycles per 
sec. the remaining tension rises sharply. At frequencies of 
85 — 90 remaining tension and total tension coincide. The peak 
tension in case of single contraction at frequencies below 16 
cycles per sec. amounts to one fifth of the total tension in 
case of tetanus. 

The experiment represented in fig. 50 showed, as 
mentioned, a tetanus at equilibrium length of the fibres. The 
curve is modified at the different degrees of stretch, the extra- 
tension during contraction being higher at fibre length 
115 — 125 than at equilibrium length, but decreases when the 
extension is further increased. Fig. 51 shows the variations 
of the length-tension diagrams with varying frequency of the 
stimulation, it will i. a. appear from this figure that it is only 
at frequencies above 70 — 80 cycles per sec. that the contrac- 
tion tension is stabilized corresponding to a complete tetanus. 

The above mentioned results conform on the whole to the 
results of the experiments on frog fibres (Buchthal, 1942, pp. 
30 — 33, fig. 14) with the modification caused by the longer 
duration of the single contractions of frog muscles. Buchthal 
found: the resting tension begins to increase at a frequency 
between 5 and 10 cycles per sec.; the extra-tension during 
contraction reaches its maximum value at frequencies about 
12 and then decreases. Already at impulse frequencies of 
0 40 cycles per sec. the contraction of the frog fibres is 
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Relation of length to mean tension at various frequencies of stimuli. Experi- 
ments on a single fibre bundle from m. gluteus max. 

The figures represent frequency of stimuli per sec. 

Abscissa; length of fibre (equilibrium length = 100). 

Ordinate: tension in mg. 

fully tetanic. The duration of the single contraction amounts 
to approximately 100 — 150 msec, and the extra-tension at 
single contractions amounts on an average to one fifth of the 
tension at full tetanus. 


The Absolute Extra-Tension during Contraction of the 

Muscle Fibres. 

The absolute extra-tension during tetanic contraction is 
determined in the experiments on mammalian fibres to be 
8 — 10 mg. per muscle fibre. Clark (1931) calculated the cor- 
responding value for muscle fibres from cats to be 40 — 90 mg. 
Buchthal (1942, p. 45) found an increase of the tension of 
10 mg. during contraction of isolated muscle fibres of the frog. 
According to Eccles & Sherrington (1930) the individual motor 
unit of a cat’s muscles can yield a tension of 5 — 30 g. during 
contraction. If the extra-tension during contraction of 150 
— 300 fibres — i. e. the number of fibres of which a motor 
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unit is stated to consist (conf. Clark, 1931) — is calculated 
on the basis of the present experiments, the result will be an 
extra-tension during contraction of 1 — 3 g. for each motor 
unit. 


B. Semi-Dynamic Experiments. 

In the previous section it has been shown that the muscle 
fibres are elastic and plastic, the latter only to a slight extent, 
however. Through dynamic experiments the elasticity of the 
muscle fibres is further to be elucidated, and it will be shown 
that the muscle fibres also possess viscosity. The semi-dynamic 
experiments will be dealt with first; in these experiments 
stretching and relaxation occur, as mentioned, at a limited 
speed, i. e. they last from 1 — 10 sec. 

Semi-dynamic length-tension diagrams have been in- 
vestigated by V. Kries (1890); BZix (1892); Pick (1892) and 
later on by Sulzer (1930). Semi-dynamic experiments have 
also been performed by Gasser & Hill (1924) and by Levin & 
Wyman (1927), but they chiefly used another experimental 
technique for illustrating the viscous-elastic properties of 
muscle fibres. All the investigators mentioned have used 
whole muscles as test objects, Buchthal (1942) being one of 
the first to use isolated muscle fibres. However, whether 
whole muscles or isolated muscle fibres of the frog are used, 
the length-tension diagram of resting fibres during stretch is 
found to differ from that of relaxation, the tension being lower 
during relaxation than during stretch, if measured at the same 
length. This is caused by the fact that muscle fibres possess 
a viscous resistance against variations in length. 

Mammalian muscle fibres also exhibit defective stabiliza- 
tion in semi-dynamic experiments which shows them to be 
viscous. Continuous stretch and relaxation of a resting fibre 
bundle with gradually increasing amplitude may be stated as 
an example: At the beginning of the experiment the bundle 
at length 9.2 mm. displayed a tension of 40 mg., after 22 per 
cent stretch and relaxation to length 9.2 mm. the tension was 
25 mg.; after 33 per cent stretch and renewed relaxation to 
9.2 mm. the tension was 25 mg. 

The viscosity of the muscle fibres has the effect that th§ 
equilibrium length of the fibres becomes longer, but this 
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elongation is reversible in contrast with the above mentioned 
moderate plastic elongation which does not occur until the 
fibres have been stretched more, than 45 per cent (Asmussen 
1936). The time which passes before the fibres are completely 

stabilized will i. a. depend on the rate and size of the variation 
in length. 

Semi-dynamic length-tension diagrams from contracted 
muscle fibres show that the fibres also possess viscosity during 
contraction, but the most characteristic feature of these 
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Fig. 52. 

Semi-dynamic length-tension diagram of contracted fibre bundle. The fibres con- 
tracted in a tensionless state, stretched (a), released (b) and again stretched 
(c) during continuous contraction. 

Preparation: fibre bundle from m. gluteus max. 

Abscissa: length of fibre (equilibrium length = 100). 

Ordinate: tension in mg. 


diagrams is the plastic yielding which occurs when contracted 
fibres are exposed to a certain tension, and the elastic locking 
which causes the fibres during continuous contraction to 
maintain the contraction equilibrium length even when they 
are passively released. Buchfhal (1942, pp. 38 — 43) used semi- 
dynamic experiments to demonstrate these phenomena on 
skeletal muscles of the frog, and in fig. 52 an example of cor- 
responding yielding and locking of contracted mammalian 
muscle fibres is shown. In the cardiac muscles of the frog 
Lundin (1944, pp. 41 — 43) could not, however, ascertain any 
yielding or locking. 

In the experiment (fig. 52) the mammalian muscle fibres 
are contracted in a tensionless state, during continuous con- 
traction stretched to length 120 (curve a), released to length 
55 (curve b) and again stretched to length 120 (curve c). The 
'difference between the two last mentioned curves (b and c) 
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is due to viscosity. The difference between a and b is explained 
by an elongation of the equilibrium length of the fibres during 
extension — a “yielding”, and as the elongation is irreversible 
as long as the contraction lasts, the contracted fibres must 
also be elastically locked. The difference is larger than the 
plastic elongation which may be observed on stretching resting 
fibres, and the latter does only occur when the extension 
exceeds length 145. 


C. Dynamic Experiments. 

The reactions of the muscle fibres have been studied with 
regard both to torsional movements and to vibrations along 
the longitudinal axis of the fibre. The structural properties 
investigated by these two methods are different; this, of 
course, applies especially to the muscle fibres which possess 
an inhomogeneous structure with alternate isotropic and ani- 
sotropic substances, but it should be noted that simple crystals 
also have several different moduli of elasticity. The torsional 
elasticity of muscle fibres of the frog has been investigated 
i. a. by Lindhard & M0ller (1926, 1928). 

As mentioned before, the dynamic longitudinal elasticity 
of mammalian muscle fibres has been measured by exposing 
the fibres to periodical variations in length and has been ex- 
pressed as the stiffness (= A tension/A length). Stiffness is the 
most convenient measurement of the longitudinal elasticity of 
the muscle fibres, and moreover it is simple to detennine by 
the experimental technique used — the periodical variations 
in length and corresponding variations in tension being re- 
corded directly. 

Gasser & Hill (1924) calculated the dynamic longitudinal 
elasticity of frog muscles on the basis of the change produced 
in the natural vibration of a vibrating system, when the vi- 
brations of the system are damped by the resistance offered 
by a straightened-out frog muscle attached to it. They also 
investigated the tension reaction of the muscle in case of more 
or less rapid extension and release and found that the muscle 
becomes less extensible and more viscous during isometric 
contraction. Buchthal (1942, p. 72) has later on shown that 
the stiffness is increased with increasing tension, a fact of 
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which Gasser & Hill have not been aware. For this reason it 
is impossible to make any deductions from their experiments, 
as to whether the increase of the viscous-elastic properties 
during contraction is solely due to the simultaneous increase 
in tension, or whether it is also caused by an .altered struc- 
tural condition. 

Steinhausen (1926) and, later on, Richter (1928) have 
measured the period of oscillation and the damping when a 
frog muscle is exposed to sudden extensions by means of a 
modified Bethe’s (1924) elastometer. They compensated for 
tension, and they did not find any change in the modulus of 
elasticity of the frog muscle in case of isotonic tetanus; in 
case of isometric tetanus the modulus of elasticity is on the 
other hand altered, but only to an extent corresponding to the 
increase in tension — a passive increase in tension produces 
an alteration of the elasticity of the same magnitude. 

Levin & W^man (1927) have investigated the length-ten- 
sion diagrams of various muscles performing the stretch and 
release at different rates. By comparing the dynamic stiffness 
to the dynamic afte. -effect they could set up an equivalent of 
the viscous-elastic properties of the muscle (fig. 53). They 






Fiff. 53. 

Equivalent of the viscous-elastic function of muscle fibres (according to Levin 
& Wyman, 1927). Ei: free elasticity, Ej: elasticity damped by viscosity (Vi). 


stated that the muscle possesses both free elasticity and elasti- 
city damped by viscosity. In contrast with this Gasser & Hill 
(1924) have stated that all the elasticity of the muscle is 
“shunted” by viscosity. Bouckaert ei al. (1930) have, however, 
confirmed Levin & Wijman^s hypothesis, and in later investi- 
gations (i. a. 1939) Hill also goes in for the theory that the 
muscle has both free and damped elasticity. 

It should be remembered that all the above mentioned 
investigations have been performed on whole muscles. Buch- 
thal et al. (1942 — 1944) have, however, carried out com- 
prehensive investigations on stiffness on isolated fibres of the 
frog and have e. g. investigated stiffness as a function of ten- 
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sion, of frequency and of temperature, and an account of the 
latter investigation will be given together wdth the description 
of the orientating experiments on mammalian muscle fibres 
performed by the author within this field. 

Buchthal (1942, p. 72) found that the dynamic stiffness 
of the fibres from frogs varies proportionately with the tension 





Fig. 54. 


Variation of tension (•*•) and stiffness (•*•*) as n function of time. 

Resting fibre bundle from m. serrntus post., continuously released and stretched 
from length 144— 133— 144— 122— 144— 111—144— 100. 

Abscissa: time in sec. 

Ordinate: (to the left) tension in mg. 

(to the right) stiffness (determined at 10 cycles per sec.) in relative 
units. 


— except at very low degrees of stretch at which the stiffness 
may be constant in spite of slight increase of tension. Figs 54 — 55 
show that similar stiffness-tension diagrams are obtained for 
mammalian muscle fibres at rest; the stiffness is here deter- 
mined for a frequency of 10 cycles per sec. Figs. 56 — 59 ac- 
tually illustrates the same thing; in figs. 58—59 the stiffness 
is determined for a frequency of 100 cycles per sec. Already 
at tension nil a slight stiffness is observed. This indicates that 
the fibres have a certain structure even when they are with- 
out load, and it appears because a temporary length-tension 
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increase ~ corresponding to half of the vibration amplitude 
— IS imparted to the fibres at equilibrium length 

When constant stiffness is observed at low degrees of 
stretch in spite of increasing tension, this may be caused bv 
the micellae not being completely longitudinally orientated at 
equilibrium length of the fibres (conf. the investigations on 
diffraction spectra). It should be noted that the stiffness in- 
creases linearly with increasing tension, which means that the 
elements of the minute structure are completely longitudinally 
orientated. In this respect the muscle fibres differ from other 
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Fig. 55. 

Stiffness of resting fibres as a function of tension. 

Mean values from the experiment in fig. 54. 

Preparation: fibre bundle from m. serratus post, at length 100 — 144. 
Abscissa: tension in mg. 

Ordinate: stiffness (determined at 10 cycles per sec.) in relative units. 


high-elastic substances, e. g. rubber, which do not exhibit a 
linear stiffness-tension diagram until it is stretched 400 per 
cent (Buchthal, 1942, p. 120) ; in rubber the minute structure 
does not become longitudinally orientated until the degree of 
stretch exceeds 400 per cent. 

In his investigation (1942, pp. 87 — 88) Buchthal showed 
that the ratio of static to dynamic stiffness measured at 5 
vibrations per sec. is as 1 to 2 and only varies slightly when 
the fibres are stretched. This ratio shows that only part of the 
elasticity of the muscle fibres is damped by viscosity and in- 
dicates that the wscosity of the muscle fibres is not uniformly 
distributed over the elastic elements. In the cardiac muscles 
of the frog the ratio of static to dynamic stiffness at rest is as 
1 to 10—16 (Lundin, 1944, pp. 56—57), here the viscosity is 
of more importance than in skeletal muscles. By examining 
the stiffness at various frequencies Buchthal, Kaiser & Knap- 
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Figs. 56—57. 

Stiffness during rest ( • ) and during contraction (X) as a function of tension. 2 
single experiments. 

Preparations: fibre bundles from m. gluteus max. at length 100—200 (fig. 56) 
and 100—156 (fjg. 57), 

Abscissa: tension in mg. 

Ordinate: stiffness (determined at 10 cycles per sec.) Jn relative units. 


pels (1944) found that the more rapid the frequency used the 
greater the stiffness and the steeper the gradient of the stiff- 
ness-tension curve exhibited by the skeletal muscle fibres of 
the frog. The relation between stiffness and tension of the 
muscle fibres reveals a dependence upon the frequency corre- 
sponding to a system of elasticity “shunted” by viscosity. The 
plastic and viscous properties are most conveniently examined 
y means of low frequencies, at high frequencies, however, the 
purest expression of the actual elastic properties is obtained, 

Tu cycles per sec. is e. g, very convenient for 

the latter purpose. 

Buchthal, Kaiser & Knappeis (1944) did not observe any 
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Figs. 58 — 59. 

Stiffness during rest (*} and during contraction (X) ns a function of tension. 2 
single experiments. 

Preparation: fibre bundles from m. gluteus max. at length 100 — 15C (fig. 58) and 
length 100—167 (fig. 59). 

Abscissa; tension in relative units. 

Ordinate: stiffness (determined at 100 cycles per sec.) in rclnllve units. 

difference in the stiffness of resting fibres of the frog whether 
examined at a temperature of 4° or 24°C. This is strange, in 
so far as a dependence between stiffness and temperature 
should be expected to exist in a viscous system. 

To elucidate the function of the minute structure the con- 
ditions during contraction should be examined or — more 
correctly — the conditions during rest and contraction should 
be compared. In view of the experimental technique available 
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it "was most convenient to use isometric contractions for the 
comparison of stiffness at rest and stiffness during contraction. 
In isometric contraction the length is kept constant while the 
tension is varied. Since tension influences stiffness, w'hether it 
is caused by passive stretching of the muscle fibres or by 
actual contraction, the stiffness at rest and during contraction 
should only be compared when referred to the same tension, 
when the purpose is to explain the influence of the actual 
contraction process on the variation of the stiffness. 



Fig. 60. 

Schematic diagram of stiffness ns a function of tension during stretch and release 
of contracted frog muscle fibres (according to Biiclithalt Kaiser S: Knappeis, 
1944). 

The stiffness is examined for 10 and for 100 cycles per sec. The arrows Indicate 
the sequence of tlie values, (The fact that the stiffness Is higher when deter- 
mined at 100 cycles per sec. than at 10 cycles per sec. even during release 
has not been taken into consideration in this diagram). 

— , — . — rest. extension during contraction, release during con- 

traction. — 0 — 0 — relation of stiffness to tension determined at 100 cycles 
per sec., if no yielding occurred. 


In muscle fibres of the frog iBuchthal, Kaiser & Knappeis, 
1944) the relationship between stiffness and tension during 
contraction is rather complicated, i. a. on account of yielding. 
This is best illustrated by a schematic diagram ( fig. 60, ac- 
cording to Buchihal, Kaiser & Knappeis, 1944). When exami- 
ning the stiffness for periodic length variations of a frequency 
of 100 cycles per sec. the actual vibrations cannot produce 
yielding. Consequently the dynamic stiffness is found to in- 
crease linearly with the tension for isometrically contracted 
fibres as well as for resting fibres, but during contraction the 
stiffness is higher than at rest when referred to the same 
tension, and this applies to extension as well as to release. The 
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stiffness-tension diagram during contraction exhibits a steeper 
gradient for values obtained during stretch than for those ob 
tained during release. This is conditioned by the yielding 
which is caused by the actual extension, and by the elastic 
locking, due to which the fibres maintain the higher equili- 
brium length during release. If, however, the stiffness is 
measured by means of low frequencies quite a different stiff- 
ness-tension diagram is found. When the tension during 
stretch of the contracted fibres exceeds a certain magnitude, 
yielding is caused by the longitudinal vibrations, so that the 
stiffness is measured to be lower than it actually is, and lower 
during contraction than during rest. At release, however, the 
yielding has occurred, and the low frequencies cannot produce 
additional yielding, the course of the curve will be linear and 
the stiffness higher than at the same tension during extension. 
During these experiments the contraction is of course assumed 
to be continuous during extension as well as during release; 
the elastic locking of the contracted fibres is, as mentioned, 
irreversible only as long as the contraction lasts. 

During contraction the stiffness thus exhibits a compli- 
cated dependence on the frequency on account of yielding, but 
when yielding is excluded the stiffness-tension diagram is 
found to be linear and the stiffness during contraction higher 
than at rest when referred to the same tension — this applying 
to skeletal muscles of the frog; the tension-stiffness diagrams 
for the cardiac muscles of the frog are on the other hand 
identical, whether the fibres are contracted or at rest (Liindin, 
1944, pp. 52 — 53). 

During contraction the stiffness of skeletal muscles is per- 
ceptibly dependent on temperature (Buchihal & Kaiser, 1944), 
the stiffness during contraction being higher at low tempe- 
ratures than at high temperatures, which in turn means that 
the difference between stiffness at rest and during contraction 
measured at the same tension decreases with increasing tem- 


perature. 

Mammalian muscle fibres exhibit completely identical 
values for stiffness during rest and contraction at the same 
tension — as appears from figs. 56—59 — and this applies to 
stiffness at a measuring frequency of 10 cycles per sec. as 
well as of 100 cycles per sec,, the experiments being all carried 
out at a temperature of 37 — 38”C. The stiffness of contracted 
mammalian muscle fibres also increases linearly with the 
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tension when the frequency of the vibrations used for the 
measurements of the stiffness is 100 cycles per sec., so that 
the actual vibrations do not produce yielding. The curve in 
fig. 61 represents the mean values of six experiments on a fibre 
bundle which, during contraction, has been released and 
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Fig. 61. 

Stiffness of contracted fibres ns a function of tension. Mean values from G single 
experiments on the same fibre bundle. 

Preparation: fibre bundle from m. gluteus max. nt length 00 — ^130. 

Abscissa: tension in relative units. 

Ordinate; stiffness (determined at 100 cycles per sec.) in rclotivc units. 



stretched between length 126 and length 60. With regard to 
the viscous-elastic properties no fundamental difference thus 
exists between the skeletal muscle fibres of the guinea pig and 
of the frog. 


The Modulus of Elasticity of the Muscle Fibres. 

The modulus of elasticity calculated according to the static 
length-tension diagrams amounts for resting mammalian 
muscle fibres at equilibrium length on an average to 0.046 x 
10® dynes x cm.~- (mean of 14 experiments). 


To check the results the static stiffness has been determined by 
means of two different experimental arrangements, and both experi- 
eiven practically the same result. The cross sec- 
lenffth A has been calculated on the basis of the 

Scular gravity o, tha 

rCtoiroror 

cases been determined both by caicuWlion on iL'rasTs''onengS. and 
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weight of the fibre bundle and by direct measurements of the 
diameters of the fibre bundle (di and de) in two planes at riaht 
angles to each other, the cross section being calculated on the basis 

of the formula: According to the first method the mean 

value of the crop section in these five cases is found to be 0.88 sq. 
mm, and according to the latter 0,7 sq. mm. Consequently this point 
does not seem to involve any serious source of error. 

It is not possible to determine the static stiffness of con- 
tracted mammalian muscle fibres as the curve of the isometric 
maxima is not reversible. On the basis of the determination 
of the stiffness the modulus of elasticity may be calculated 
for the dynamic experiments (frequency 10 cycles per sec.) 

according to the formula : length 

cross section 

to be 0.052 X 10® dynes x cm.— ^ (mean of three experiments). 

Buchthal (1942) found the modulus of elasticity of muscle 
fibres of the frog to be 0.5 X 10® dynes X cm.-- when deter- 
mined by static experiments and (0.81 + 0.11) X 10® dynes X 
cm.— 2 when determined by dynamic experiments. 

It is not possible to explain the difference between the 
moduli of elasticity of muscle fibres from frogs and mammals 
by the different temperatures in which the two kinds of fibres 
work; the viscous-elastic level of muscles from frogs and mam- 
mals must be different, even if the contractile substances of 
the cross striated muscles of the two classes of animals other- 
wise behave uniformly. 


D. Static Length-Tension Diagrams of the 
A- and I-Sub stance. 

As shown in chapter III the anisotropic substance is 
elongated relatively more than the isotropic substance when 
the muscle fibres are stretched — in other words — the static 
stiffness of A is smaller than that of I. 

Fig 62 shows the correlation of the static length-tension 
diagram of the muscle fibres and the length of A and I as 
a function of stretch. On the basis of these diagrams it is 
possible to find the relationship between length tension 
for A and I, as the tensions at th^ different degrees of stretch 
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Relation of the length-tension diagram of the muscle fibres to the changes of the 
A- and I-suhstance during extension and contraction. See text p. 174. 

The length-tension diagram; mean curve from fig, 43. 

a) tension at rest, h) total tension (=: tension at rest + extra-tension during 
contraction) for isometric tetanic contraction, c) extra-tension during con- 
traction for isometric, tetanic contraction. 

A- and I-measurements : mean values from all experiments on fibres from m. 
gluteus max. 

Ap = A at rest ( • ) 1,, = I at rest ( • ) A^ = A during contraction (X) and I = I 
during contraction (X). ^ 

Abscissa: length of fibre (equilibrium length = 100). 

Ordinate: (to the left) length of A and I in per cent of the height of compartment 
at equilibrium length. 

(to the riglit) tension in mg. 


and the corresponding heights of the A~ and I-substances are 
kno'wn. The heights of A and I are expressed in per cent of 
the total height of compartment at equilibrium length (2.24 fi) 
m order to make the curves more comparable. The length- 
ension diagrams of A and I, plotted in this way, are shown 
in figs. 63 and 64, the curves show the resting values to have 
a uni orm course, the static stiffness increases with increasing 
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Length-tension diagram for the A-substance during rest and during contracdon, 
see text p, 175. Curve of rest ( • ) and curve of the »isomctrlc maxima* of 
the muscle fibres (X). 

The figures denote the corresponding lengths of the muscle fibres (equilibrium 
lenght = 100). 

Abscissa: length of A in per cent of the height of compartment at equilibrium 
length. 

Ordinate; tension In mg. 



Fig» 

Length-tension dlngram for the I-substonce during rest and during contraction, 
see text p. 175. Curve of rest ( ; ) and curve of the »lsomctrlc mnxlmat of 

the muscle fibres (Xl. , 

The figures denote the corresponding lengths of the muscle fibres (equilibrium 

AbsciMa^^7ngtt^of A in per cent of the height of compartment at equilibrium 
length. 

Ordinate: tension in mg. 
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stretch, the stiffness of A being — as mentioned — slightly 

smaller than that of I. r a ^ 

By histological experiments the percentage change of A ana 
I respectively in case of isometric tetanic contraction is foimd 
to be identical, -whether the contraction takes place at low or 
at high degrees of stretch (fig. 27). Apparently this does not 
conform with the investigations on the mechanical properties 
of the muscle fibres, which show that the extra-tension during 
contraction decreases at extensions above length 125. It is, 
however, not only measurements on mammalian muscle fibres 
which exhibit this apparent discrepancy. The same observation 
has been made by Buchthal & Knappeis (1943, b) during their 
experiments on fibres from frogs, and it will be discussed 
later on. 

By means of contraction experiments performed on com- 
pressed fibres, it is found that during contraction I is always 
elongated in relation to its resting value at the same height 
of compartment, but that it may very well be shortened in 
relation to its height at equilibrium length. In these experi- 
ments it is, however, difficult clearly to account for the ex- 
perimental conditions. The fibres are slightly compteSSfid 
when contracting, and this compression may continue during 
the contraction. Adhesion to slides and similar conditions will 


be of more importance in these cases where the variations of 
the tension are so small; the actual tension of the indi-vidual 
fibre is consequently rather uncontrollable, and the ex- 
periments do not supply any proof of an active contraction 
of I, i. e. of a shortening of the equilibrium length of I during 
the contraction. In contrast with this the ratio A : I does not 
seem to change during contraction at the contraction equili- 
brium length, conf. the dotted curves of fig. 62. The other 
possibility, which has been indicated in the figure, is based 
on the assumption that during tensionless contraction the 
height of the I-substance is the same as the height of I at 
equilibrium length at rest. In that case the I-substarice be- 
comes higher than the A-substance during contraction, Bucb- 
c& Knappeis found that this applies to muscle fibres of 

e frog in case of tensionless contraction {Buchthal, 1942, 
p. 51). 


he length-tension diagrams of the A- and I-substano 
ring contraction are also represented in figs. 63 and 64 
y are calculated on the basis of the curves of fig. 62, th' 
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height ot A and I during contraction at the various dcsre« 
ot stretch IS stated in per cent ot the height of comparlmcnt 
at equihbnum length (2.24 ^), and the corresponding contrac- 
tion tension represents the mean curve . of the “isometric 

maxima". The two substances behave differently during con- 
traction. ® 


The A-substance always assumes a shorter equilibrium 
length during contraction, and at equal lengths the tension of 
A is always higher during contraction than at rest. The differ- 
ence in tension is greatest about the equilibrium length of the 
fibres. At length 120 of the fibres the gradient of the contrac- 
tion curve of A decreases, which denotes a decreasing extra- 
tension during contraction. 

With regard to I the tension at low degrees of stretch is 
higher during contraction than during rest, at high degrees of 
stretch it is lower during contraction than during rest — re- 
ferred to the same heights of I at rest and during contraction. 
The point of intersection of the tw^o curves is at a contraction 
value of I which corresponds to a contraction length of the 
fibres of 92 and at a resting length of 115. According to the 
diagram, contraction of mammalian muscle fibres which are 
released below equilibrium length (or more correctly below 
length 92) should thus cause an increase of the tension of I, 
which is higher than the increase of tension which would be 
produced by a corresponding passive extension. However, the 
curve is subject to an error, the contraction values of I being 
calculated on the basis of the curve of the isometric maxima, 
while I is actually stretched during contraction. The length- 
tension curve of contractions during which the height of the 
I-substance remains unchanged is not known, hut a length- 
tension diagram of I plotted according to such a contraction 
would at any rate give lower values than the contraction 
length-tension curve shown in fig. 64. Consequently it has 
hardly been proved that I is able to exhibit a higher tension 
during contraction than during rest, when the fibres start con- 
tracting from a length below equilibrium length. There is, on 
the other hand, no doubt that, during contraction of fibres at 
equilibrium length or during contraction of stretched fibres, 
the I-substance is stretched more than it would he in case a 
corresponding passive tension was applied to it. This may he 
illustrated by an example: At equilibrium length the tension 
of I is zero at rest. Contraction at equilibrium length produces 
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a94S.a), and observed that a tension developed before -mv 
change m the cross striatton was recorded, as it was impossible 
o record changes m cross striation from evacllv the part of 
the fibre where the stimulation was applied. The conlraclion 
proceeds along the fibre at a rate of 0.32 m. per sec. (at 20- ™ 



Relation of the variation in tension to the changes in the ratio A : I during single 
contraction as a function of time. 

Tension curve: single experiment on fibre bundle from m. gluteus max. at length 
109. 

A:I curve: mean curve of 3 experiments on a single muscle fibre from nn 
gluteus max. at length 110, 

Abscissa: time in msec. 

Ordinate: (A/A +1) X 100. 


This fact is the reason why their later experiments (1943, b) 
showed that the peak tension does not occur until 20 msec, 
after the change in the cross striation has reached its maximum. 
The viscosity of the fibres is, however, also a contributory 
factor. Finally Buchthal & Knappeis observed that the tension 
persists for some time after the cessation of the opfical 
changes. According to their opinion, the reason is that the 
stiffness increase in the I-substance during contraction 
subsides more slowly than the contraction changes of the 
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To render the system stable when the chain is not comr)letelv 
extended there must be an odd number of series of charnes 
In case of passive stretching of the fibres angular move- 
ments of the individual links of the spiral will occur corre- 

^onding to the linear course of the stiffness-tension diagram* 
During contraction changes occur in the electric charge of the 
individual dipole, and the change is propagated along the 
chains. The attractive forces between the individual links arc 



Fig. 66. 

Model of the minute structure of muscle fibres, according to Biichthdl (3942, p. IH). 
»Spiral« with three series of charges (a, b, and c). 


increased and the "spiral” contracts, the equilibrium length 
decreases. The contraction ceases when the resting potentials 
have again been built up. When contraction occurs in a minute 
structural chain the process is always maximum — the in- 
dividual chain following the “all or none” principle. If shorte- 
ning of the chain is prevented during contraction, as e. g. in 
case of isometric contraction, tension will be developed and 
the resting parts of the chain will be stretched. The reason 
why the extra-tension during contraction decreases with in- 
creasing stretch is that the distance between the individual 
links of the “spiral” is increased by stretching, which has the 
effect that the contraction cannot proceed along the whole 
length of the chain, but only a small part of the latter will 
be able to participate in the contraction — resting substance 
is found in series with contracting substance. As shown in 
chapter III, fig. 27 such gradation cannot manifest itself hy 
the optical changes in the ratio A : I during contraction. By 
direct stimulation of the nnlscle fibres it is also possible lo 
produce a gradation of the tension by varying the strength of 
the stimuli, and this gradation is due to the fact that the num- 
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ber of active minute structural chains may vary, in which case 
the resting substance “shunts” the contracted substance. This 
gradation is not within the limits of the optically recognizable 
either. It is not until the two types of gradation are combiiied 
that a recognizable variation of the A : I change during con- 
traction is obtained. These facts were ascertained by Buchthal 
& Knappeis in their paper of 1943, a. Single contractions of 
fibres of the frog which are considerably stretched show a 
recognizably smaller change in the ratio A : I, when threshold 
stimuli are used' than when maximum stimuli are used. 

By stretching an already contracted fibre, it is possible to 
obtain a higher tension than in case of isometric contraction, 
the attractive forces between .the individual links of the minute 
structural chains being larger during contraction when the 
electrical charges are closer to each other than in the resting 
position. When the tension during stretch of contracted fibres 
exceeds a certain magnitude some of the contracted links are 
torn from each, other, thereby passing from a condition of con- 
traction to a condition of rest — a yielding sets in, increasing 
the contraction equilibrium length of the fibre. The contracted 
fibre is locked in its equilibrium length as the transition links 
between contracted and resting elements of the minute struc- 
thral chain will not attract each other until the contraction 
is discontinued. Yielding serves a purpose, in so far as it will 
cause the muscle fibres to exhibit fairly uniform tension at 
different degrees of stretch, and it will also serve as a kind 
of buffer when the muscle is suddenly contracted while 
subjected to a high load. 

This model of the minute structure only applies to the 
anisotropic substance where the orientation of the structural 
elements is parallel, parallel orientation is an absolute con- 
dition of contractility. The I-substance may very well be of 
the same molecular structure as the A-substance, only the 
longitudinal orientation of the minute structure is not nearly 
as pronounced in the I-substance as in the A-substance (conf. 
Hiirthle’s model, 1931, b). In this way it is possible to explain 
the fibrillar structure of the muscle fibres and the polarization- 
optical difference between the A- and the I-substance. 

Before dealing with the viscous-elastic properties of the 
minute structural elements of the muscle fibres, it should be 
emphasized that the muscle fibres are not homogeneous bodies, 
ut that they consist of sarcolemma, myofibrils and sarco- 
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plasm, of alternate anisotropic and isotropic substances etc 
The properties we are able to measure by means of stiffness 
determinations, damping experiments, etc. will consequently 
often be the resultants of the properties of different structural 
elements, a fact which complicates the investigation of the 
very structural element which it is our main purpose to deter- 
mine: the contractile substance, even if the latter dominates 
the muscle fibre. Vice versa one substance may cause various 
of the properties of the muscle fibre, e. g. viscosity and elasti- 
city; and these properties may merge into each other so 
smoothly that it is impossible to distinguish between them. 
We have, however, a series of experimental results which 
elucidates this problem, and a summary of these investigations 
will therefore be given. 

As several times emphasized, the stiffness of the muscle 
fibres is a compound function of the elastic as -well as of the 
viscous properties. 

The purely elastic stiffness increases with the tension. The 
more the minute structural elements are straightened out by 
extension the higher their stiffness. During contraction the 
dynamic stiffness of fibres from frogs is increased. This in- 
crease can, to a great extent, be explained by the external in- 
crease of the tension produced by the contraction. The contrac- 
tion, however, also produces- an internal tension which we can- 
not determine, as we do not know the relationship between 
the active and the resting minute structural chains w'hich 
"shunt” each other. Thus the internal tension causes an in- 
crease of stiffness which cannot be measured, a phenomenon 
which manifests itself in the observations made by Buchihal 
& Kaiser, (1944) that, in case of single contractions of fibres 
of the frog, the stiffness maximum wall occur before the 
tension maximum, and that a particularly pronounced in- 
crease of stiffness will set in at the transition from rest to con- 
traction. The actual contracted condition of the active minute 
structural elements will cause the stiffness to increase, the 
distance between the indiwdual links of the spiral being 
diminished during contractions so that more powerful forces 
are set up between them. 

The viscous properties of the muscle fibres are elucidaled 
not only by stiffness determinations, but also by damping ex- 
periments and by investigating the elastic after-effects. The 
viscous properties of the resting muscle fibre are probably essen- 
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tially due to the changes in linkage, emphasized by H- H. Weber 
( 1934 — 1941) and Hill (1939), changes which may be produced 
in the minute structure of the contractile substance by stretch 
and by tension. Transition from one linkage modification to 
another lasts some time and results in a small variation in 
the length of the minute structural elements. In this way a 
change in the linkages will manifest itself as an elastic after- 
effect, and, as further described by Buchthal, Kaiser & Knap- 
peis (1944), it supplies a better explanation of the visbous- 
elastic properties of the muscle fibres than an equivalent, as 
e. g. that of Levin & Wyman (1927) (fig. 53). The distinction 
between viscosity and stiffness is thus somewhat factitious, 
the two terms merely expressing slightly varying properties of 
the same structure. 

When the fibres are stretched the viscosity increases 
(Buchthal, 1942, p. 100), the more the elements of the minute 
structure are stretched the more difficult it is to impose 
linkage variations on them. A transport of liquid will further 
take place between the A- and the I-substance in the resting 
muscle in case of alteration of length; we have seen that the 
relative height of the A- and the I-substance is altered — if 
only slightly — when the fibres are stretched, but no corre- 
sponding difference in the fibre diameters at A and I is ob- 
served. Gasser & Hill (1924) assumed this transport of liquid 
to be of great importance to the viscosity of the muscle fibres. 

The viscous properties increase during contraction. This 
may be due to the above-mentioned transport of liquid between 
A and I, the relative volumes of both being altered during the 
process. Buchthal (1942, p. 106), however, is of the opinion 
that the transport can only be of minor importance. The in- 
crease of the viscous properties may also be due to the pre- 
viously mentioned condition that not all of the minute struc- 
tural chains are necessarily contracted, in which case the active 
chains will be “shunted” by the remaining resting chains. An 
actual internal friction will be set up between them. If whole 
muscles or larger fibre bundles are examined the possibility 
of an actual internal friction will be greater, as a displacement 
of fibres in relation to each other and to the connective tissue 
etc. will take place. It is finally probable that the contracted 
links of the chain are less liable to exhibit variations in 
t e inkages than the resting parts and that, for this reason, 
e viscosity increases during contraction. In that case it also 
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becomes explicable that the viscosity of the contracted fibres 
decreases with stretching, a smaller part of the chains of the 
minute structure in the stretched fibres being in a contracted 
state on account of yielding. 

While the viscous and elastic properties of resting muscle 
fibres of the frog are independent of temperature variations, 
the viscosity and the elastic stiffness of contracted fibres will 
show pronounced dependence on temperature {Buchthal, Kai- 
ser & Knappeis, 1944), and this observation is correlated with 
the “propagated chain reaction” during contraction by Biich- 
thal, Kaiser & Knappeis. 

Mammalian muscle fibres exhibit the same dynamic stiff- 
ness at rest and during contraction, whether the stiffness is 
determined at a frequency of 10 or 100 cycles per sec. This 
may be explained by the temperature dependence of the con- 
traction stiffness. 

Buchthal was able to show that at low degrees of stretch 
the static stiffness of A, as well as that of the I-substance, in- 
creases during contraction; at higher degrees of stretch it is 
only the stiffness of the A-substance which increases. In mam- 
malian muscles the I-substance does not, on the other hand, 
seem to contribute actively to the contraction. This may 
perhaps have some connection with the fact that the dynamic 
stiffness at rest and during contraction of the mammalian 
muscle fibres is uniform. It would, however, be desirable if 
this problem could be further elucidated by release-contraction 
experiments on mammalian muscle fibres. An investigation 
of the properties of mammalian muscles at low temperatures 
would also offer a possibility of extending the comparison be- 
tween the mechanical properties of muscle fibres of the frog 
and of mammals, as it would then be possible to examine the 
muscle fibres of the two animal classes at the same tempe- 
rature. 


F. Conclusion. 

Mammalian muscle fibres are high-elastic. 

When stretched the resting muscle fibres only develop low 
tension in the beginning, at extension above length 150 the 
tension increases more rapidly the static stiffness is in- 
creased. 
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If the fibres are stretched more than 40 — 50 per cent a 
plastic elongation of the fibres will set in, the equilibrium 
length is increased, but rarely more than 10 per cent. 

Muscle fibres may be stretched up to 100 per cent without 
the structure or function being destroyed. 

In case of isometric tetanic contraction the extra-tension 
during contraction is maximum at length 100 — 120, decreases 
with increasing extension and becomes zero at length 160 — 200. 

When isonietrically contracted muscle fibres are released 
the contraction equilibrium length amounts to about 72. 

The increase of tension during single contraction amounts 
to one fourth to one third of the increase of tension during 
tetanic contraction. 

In case of single contraction the increase of tension during 
contraction is also maximum at length 115 — 125. 

The duration of a single contraction amounts to 35 — 45 
msec. The peak tension is reached in the course of 15 msec. 

With increasing degree of stretch the duration of the single 
contraction is increased, both with regard to the actual con- 
traction phase and the relaxation phase. 

Fatigue of the fibres will, on the other hand, result in 
decrease of the extra-tension during contraction, hut will not 
result in a longer duration of the actual contraction phase. 

If the muscle fibres are stimulated by single stimuli re- 
peated with increasing frequency, a remaining tension will 
begin to develop at a frequency of 10 impulses per sec. The 
extra-tension of the single contraction decreases at a frequency 
of 16 and particularly at a frequency of 40. The tetanic con- 
traction is complete at a frequency of 80 — 90. 

The individual muscle fibre can produce an increase of 
tension of 8 — 10 mg. at isometric tetanic contraction. 

Resting mammalian muscle fibres exhibit viscous resistance 
against alteration of the length, when the alteration takes place 
at a certain speed. 

When contracted muscle fibres are stretched a plastic 
yielding will occur, increasing the contraction equilibrium 
length. 

Release of contracted mammalian muscle fibres shows 
that the latter are elastically locked as long as the contraction 
lasts, as the equilibrium length during contraction does not 
decrease in spite of the release. 

The tension developed by the fibres in case of isometric 
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contraction is smaller than the tension obtained by stretching 
the fibres during contraction to the same length,' but higher 
than the tension developed by the fibres, if they are released 
from isometric contraction at a higher degree of stretch. 

The dynamic stiffness of the muscle fibres (A tension/ 
A length) increases linearly with the tension, which shows 
that the minute structural elements of the muscle fibres are 
completely longitudinally orientated; the variations in length 
are assumed to occur as angular movements of the minute 
structural elements. 

Mammalian muscle fibres exhibit the same stiffness 
whether at rest or during contraction, when referred to the 
same tension. 

By correlating the length-tension diagram to the changes 
which are found to occur in the ratio A : I during extension 
and contraction, it is shown that, at the same length, A yields 
a larger tension during contraction than during rest. With 
regard to I the opposite is the case, at any rate when the fibres 
are contracted at length 100 or more. The I-substance com- 
promises the contraction either on account of reduced stiffness 
or on account of plastic elongation. 

The modulus of elasticity of the mammalian muscle fibres 
is found to be 0.046 X 10® dynes X cm.— = by static experiments 
and 0.052 x 10® dynes X cm.-* by dynamic experiments. 

The modulus of elasticity of the mammalian fibres is lower 
than that of fibres of the frog, but there is otherwise no 
fundamental difference between the mechanical properties of 
the two kinds of muscles, when allowing for the different 
temperatures at which the fibres work. 

The mechanical equivalent of the minute structural unit 
of the muscle fibres of the frog also applies to the mammalian 
muscle fibres. 

The viscous properties of the muscle fibres are assumed 
chiefly to be due to variations in linkage of the minute struc- 
tural elements. 



SUMMARY IN ENGLISH. 

The views held by various investigators on the structure 
of the cross striated muscle fibres differ. widely; one of the 
reasons for this is probably the prevailing use of fixed material 
for previous histological investigations. It is emphasized that 
the experimental conditions are more clearly defined when 
living, isolated muscle fibres are used; this does not only apply 
to analyses of the microscopical and submicroscopical struc- 
ture of the muscle tissue, but also to investigations on the 
function of the muscle tissue. At the Laboratory for the Theory 
of Gymnastics, University of Copenhagen, such investigations 
on living, isolated, cross striated muscle fibres have been 
carried out on fibres of the frog, and the purpose of the 
present investigation is to study the structure and function 
of living, isolated, cross striated mammalian muscle fibres by 
corresponding methods, in order, i. a. to be able to compare 
conditions within the two animal classes. 

In order to define the different structural elements a short 
summary of the structure of muscle tissue is given in chapter 
1, section A. 

In section B the more significant previous investigations 
on the macroscopic and microscopic structure of muscle tissue 
are dealt with. A section is devoted to each of the individual 
structural elements, and it is endeavoured to correlate previous 
investigations with the author’s own observations. 

In the living, mammalian muscle fibres longitudinal, struc- 
tural elements, the myofibrils, may be observed extending 
continuously throughout the length of the muscle fibre, but 
here it is impossible to ascertain any well-defined diameter 
of the myofibrils or arrangement of the myofibrils in uniformly 
dimensioned bundles. Myofibrils of a spiral course have not 
been observed either. 
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The A- and I-cross striae are due to periodical variations 
of the myofibrillar minute structure and a uniform arrange- 
ment of the myofibrils. As shown by W. J. Schmidt (1934) 
the isotropic segments also possess a slight anisotropy. 

The investigations confirm that the Z-membranes are true 
structural elements; they appear more clearly when the fibres 
are stretched, but no proportionality is found between their 
thickness and the degree of stretch of the fibres. The exact' 
structure of the Z-membranes. is not fully elucidated, they 
seem to be an intrafibrillar as well as an interfibrillar 
structure. 

Qh. a lighter band in the central zone of the anisotropic 
cross striae, is often observed in lixing muscle fibres, most 
clearly in stretched fibres, it probably represents a real variation 
in the structure of the myofibrils. M, a fine, dark stripe in A, 
has also been observed in living, mammalian muscles, but the 
most frequent observation is narrow, dark cross striae, asym- 
metrically arranged in A, which are probably merely optical 
artefacts. N-cross striae, narrow, dark bands on both sides of 
Z have, however, not been observed in li\ing, mammalian 
muscle fibres. 

It should be emphasized that the cross stria tion of the 
muscle fibres according to Buchthal & Knappeis’ investigations 
(1940) is not helicoidally arranged. “Nonius” periods and 
even sphenoids are observed in living muscle fibres, but this 
may be due to displacement of fibrils. 

The various mammalian muscle fibres examined have 
displayed no differences, neither with regard to colour, trans- 
parency or mechanical properties (red-white or “trube-lielle” 
muscle fibres). 

The sarcolemma, the connective tissue of the muscle, and 
the connection between myofibrils and tendons is discussed. 
It is considered most probable that the tension is transmitted 
from the contractile substance via the Z-membranes to the 
connective tissue of the muscle, even if certain observations 
do not agree xvith this theory. It is pointed out that the struc- 
ture of the connective tissue allows for considerable displace- 
ments between the individual muscle fibres, but the anisotropic 
layers of neighbouring fibres are usually found to be opposite 
each other. 

The motor end plates are only seen as blurred parts of 
living muscle fibres. Local application of a minute amount of 
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acetylcholine or dissolved potassium (abt. 10-® mg. and 10-^ 
mg. respectively) will here act as a contraction-producing 
stimulus, exactly as in the experiments on lizards performed 
by Buchthal & Lindhard (1942). 

Section C is a historical review of previous quantitative 
invekigations on the ratio A ; I and the changes in the latter 
during contraction. 

Section D deals with previous investigations on the sub- 
microscopical structure of the muscle fibres, illustrated by 
optical, polarization-optical and roentgen-spectroscopical ex- 
periments and by examinations of the mechanical and thermo- 
elastic properties of the muscle fibres. These investigations 
all indicate that the contractile substance of the muscles is 
closely related to the myosin protein group. The birefringence 
of the muscle fibres consists of form birefringence and crystal- 
line birefringence. In the isotropic segments of the myofibrils 
the micellae are not uniformly orientated, while this is the 
case in the anisotropic segments. The roentgen-spectroscopical 
and thermo-elastic properties of the muscle fibre indicate that 
the chain molecules of the contractile substance are flexible; 
while contraction causes a further folding of the chains they 
are straightened out when the muscle fibres are stretched. 
Investigations performed during the latest years on the cor- 
relation of the chemistry and physics of the muscle fibres are 
mentioned shortly. 

Section E, the last section of chapter I, contains a summary 
of the changes which may be produced by chemical and 
physical agents in the muscle tissue, and it is shown that 
chemical fixatives may produce fairly pronounced changes in 
the structure, and that it is impossible to fix the muscle in a 
normal, contracted state. It is equally impossible to avoid 
alterations of the structure by using special fixing methods, 
as e. g. freezing, as recommended by Hiirthle. Also within 
pathologico-anatomical research fixing may give rise to mis- 
takes, as many of the so-called muscle degenerations are in- 
distinguishable from artefacts. These observations could be 
confirmed by own experiments. 

In chapter II, A the different methods and procedures used 
are described. After excision the muscle or the muscle fibres 
are placed in isotonic gum arabic-Ringer solution at a tem- 
perature of 37 38°C., the pjj of the solution is kept constant 

y a steady flow of oxygen and carbon dioxide. A fibre bundle 



192 


is isolated from the muscle, the bundle is then placed in n 
muscle chamber in which the final isolation down to fibre 
bundles consisting of one layer, or to indiwdual fibres, takes 
place. In the chamber the preparation is kept fastened by 
metal clamps in such a way that it may be stretched or 
released. The electric stimulation is transmitted through the 
clamps. The muscle fibres are microphotographed and the 
height of the muscle compartment and the A- and I-layers 
measured on the negative films by means of an eyepiece screw 
micrometer. When the muscle fibres are examined in situ the 
abdominal wall of the test animal (guinea pig) is folded back 
on an especially designed microscope stage, and thin fibre 
bundles isolated in the muscle. The microscopical changes in 
the muscle fibres during single contractions are recorded as 
a function of time by means of Buchthal & Knappcis’ tech- 
nique (1943, a and b) — high pressure mercury lamp with 
high luminous intensity, rotating disc with apertures for 
admitting the light, and fall camera. With this apparatus a 
frequency of exposures of 100 per sec. and a time of exposure 
of less than 4 msec, are obtained. 


The quantitative birefringence of the muscle fibres is 


determined according to the formula; 


(Ug-no) = 



where 


(Ug — Uq) is the birefringence, d the thickness of the object 
(in /z), Y the phase difference between the two refracted light 
rays, X the wave length of the light used (in m/i) ; the light 
employed is the green mercury line with X = 546 in/x. The phase 
difference (y?.) is determined by means of Babinet’s quartz 
wedge compensator. The fibre diameter is measured directly 
by means of an eyepiece screw micrometer. 

For the investigation of the mechanical properties of the 
muscle fibres the author has used BiichthaVs (1942, pp. 6 9) 

and Buchthal & Kaiser^ s (1944) set up. The latter permits 
simultaneous and continuous recording of length, tension and 
stiffness of the muscle fibres. Tension and variation of tension 
are recorded by means of the condenser myograph; longitudi- 
nal variations of the muscle fibres are produced by means of 
an oscillator and an electro-magnetic system. 

Chapter II, B deals with examinations of the muscles of 
various animals (cat, rabbit, guinea pig, white mouse and raO> 
the object of which is to find the most suitable material foi 
isolation of single muscle fibres. In order to he suitable for 
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this purpose the muscle must have a tendinous origin and in- 
sertion, its structure must not be too complicated, the amount 
of connective tissue must not be too abundant, the length of 
the fibres should be convenient and the muscle must be easily 
accessible. Among the muscles of the guinea pig the m. gluteus 
max., the m. serratus post, and the m. obliquus abd. intern, 
supply particularly convenient experimental material. The 
muscle fibres of mice and rats are on the whole too short. 
The structure of the muscles used is examined by maceration 
of the connective tissue through boiling. The thickness of the 
fibres varies considerably within' each muscle, while the fibre 
diameters of the guinea pig muscles and of the muscles of the 
other mammals examined (cat, rabbit and goat) do not differ 
essentially. Compared with the muscles of the frog the muscle 
fibres of the guinea pig seem on the whole to be somewhat 
thinner and more uniform as to diameter. 

In chapter HI the results of the quantitative determinations 
of the height of muscle compartment and of A- and I-layers 
are given. The results of the examinations of the various 
guinea pig muscles used are all consistent, just as no diffe- 
rences are found between the muscle fibres from guinea pig, 
cat, rabbit and goat. The findings are the same whether ex- 
cised fibres or fibres in situ are measured. At equilibrium 
length the height of compartment is 2.2 /x, A amounts to 62 — 63 
per cent of the height of compartment and I to 37 — 38 per cent. 
When the fibres are stretched the height of A increases re- 
latively more than that of I, in case of 50 per cent extension 
A thus amounts to 65 — 66 per cent of the height of compart- 
ment. Examination of the fibres between crossed nicols gives 
the same results with regard to the ratio A : I . In case of isome- 
tric, tetanic contraction A is shortened by 14 — 15 per cent on 
an average, while the height of I increases by 21 — 25 per cent. 
The percentage changes in A and I during contraction are 
independent of the degree of stretch of the fibres. During 
single contraction the change in the ratio A : I lasts 30 — 40 
msec., and the changes at the peak of the single contraction 
are just as pronounced as in case of tetanic contraction. The 
experiments yield the same results as the investigations per- 
formed with the same technique by Buchthal, Knappeis & 
Ltndhard on muscle fibres of frogs and lizards. This indicates 
t at the properties of the muscles of the different vertebrates 
are consistent. The highly differing observations made by 
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other authors are assumed to he due to the use of fixed muscles 
and, in case living muscle fibres have been used, to erroneous 
interpretation of the optical images and to the circumstance 
that artificial alterations in the structure have been considered 
to represent normal histological pictures. 

As mentioned in chapter IV the birefringence of isolated 
living muscle fibres of guinea pigs is measured to be (1.67 + 
0.06) X 10-^ and to be the same for fibres from m. gluteiis 
max. and m. serratus post., slightly lower for thick than for 
thin fibres. The measurements performed by the author in- 
dicate that the birefringence increases when the fibre i.s 
stretched and that, with the method used, the fibres tend to 
become slightly flattened when stretched. The birefringence 
of the muscle fibres of guinea pigs is of the same magnitude 
as that of fibres of the frog, the birefringence of frog muscles 
being measured to be (1.70 + 0.016) X 10-^ by Biichthal & 
Knappeis (1938), who used the same technique. Later investi- 
gations by Buchthal, Deutsch & Knappeis (1946) with an im- 
proved technique have, however, shown that the birefringence, 
determined by a technique as that used by Buchthal & Knap- 
peis (1938) and by the author of the present work, is 18.5 per 
cent too low, the exact birefringence of muscle fibres of the 
frog being measured to be 2.01 X 10-^. Corrected according to 
these results the exact birefringence of mammalian muscle 
fibres is 1.98 X 10~^. 

Chapter V: The mechanical properties of the muscle fibres 
are investigated by means of static, semi-dynamic and dynamic 
experiments. 

Section A deals with the static experiments by means of 
which the relationship between length and tension of the fibres 
is determined after cessation of the elastic after-effects. These 
experiments show that the fibres are highly elastic and that 
the static stiffness (A tension/A length) increases with increa- 
sing stretch of the resting fibres. If the fibres are stretched 
more than 50 per cent a plastic elongation of the fibres will 
occur, the equilibrium length (i. e. the length at which the 
tension of the fibres is nil, but at which even the smallest 
elongation of the fibres will produce tension) being increased 

usually not more than 10 per cent, however. The muscle 

fibres can be extended up to 100 per cent without deterioration 
of their structure or function. 

The extra-tension during isometric tetanic contraction is 
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3 4 times higher than the extra-tension during isometric 

single contraction, and it holds for both types of contraction 
that the extra-tension during contraction is highest at length 
100 — 125 (equilibrium length = 100). The individual mamma- 
lian muscle fibre can yield an extra-tension during tetanic 
contraction of 8 — 10 mg. The extra-tension during contraction 
decreases with increasing extension of the fibres and becomes 
nil at length 160 — 200. The contraction equilibrium length 
determined by release of the muscle fibres from isometric con- 
traction is on an average 72, i. e. the fibres are shortened 28 
per cent. 

The duration of the single contraction of a mammalian 
muscle fibre amounts to 35 — 45 msec, (at 37°C.), the peak 
tension is reached in the course of 15 msec. With increasing 
degree of stretch of the fibre the actual contraction phase as 
well as the relaxation phase is increased, while fatigue results 
in a decrease of the extra-tension during contraction, not in a 
prolonged contraction phase. 

When the muscle fibres are stimulated by single stimuli of 
increasing frequency a remaining tension will begin to develop 
at a frequency of 10 impulses per sec. The extra-tension of 
the single contraction decreases at frequency 16, but especially 
at frequency 40; at frequency 80 — 90 the tetanic contraction 
is complete. 

Section B: It appears from semi-dynamic experiments in 
which the relationship between length and tension is re- 
corded during the actual extension or relaxation of the fibres 
— the stretch and relaxation taking place at reduced speed — 
that resting muscle fibres exhibit a viscous resistance against 
alterations in length. When contracted muscle fibres are 
stretched a plastic yielding takes place so that the contraction 
equilibrium length is increased. Release of contracted mam- 
malian muscle fibres show that they are elastically locked as 
long as the contraction lasts, as the contraction equilibrium 
length of the fibres do not decrease in spite of the release. The 
tension developed by the fibres during isometric contraction is 
lower than the tension obtained by stretching the fibres during 
contraction to the same length, but higher than the tension 
exhibited by the fibres if they are released from isometric con- 
traction at a higher degree of stretch. 

As mentioned in- section C the dynamic stiffness of the 
muscle fibres increases linearly with the tension, which shows 
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that the minute structural elements are completely lonijiludi 
nally orientated. The variations in length are due to aneuf .r 
movements in the minute structural elements. The dynamic 
stiffness of the mammalian muscle fibres is the same at rest 
and during contraction when referred to the same tension. 

The modulus of elasticity of the mammalian muscle fibres 
has been measured to be 0.046 x 10« dynes x cm.-^ by static 
experiments and 0.052 x lO® dynes X cm.-^ by dynamic e.\- 
perimertts. 

Section D: By correlating the length-tension diagrams of 
mammalian muscle fibres with the measured changes in the 
ratio A : I during stretch and contraction it is found that at 
the same length A will exhibit greater tension during contrac- 
tion than at rest. The opposite is the case with regard to 
I, at any rate when the fibres are contracted at or above the 
equilibrium length. The I-layer compromises the contraction 
either on account of reduced stiffness or on account of plastic 
elongation. In muscles of the frog an increase of the stiffness 
of I during contraction has, on the other hand, been observed 
in fibres extended up to length 150 (Buchthal, 3942, pp. 57 
—64). 

In section E the results of the experiments on mammalian 
muscle fibres are compared with the previous investigations 
on muscle fibres of the frog, and the conclusion is drawn that, 
apart from the lower modulus of elasticity of the mammalian 
muscle fibres, there is no fundamental difference in the me- 
chanical properties of the muscle fibres of the two animal 
classes, when allowing for the fact that the muscle fibres 
function at two different temperature levels. 

A mechanical equivalent of the minute structural unit of 
the contractile substance of the muscle fibre is mentioned. The 
minute structural unit is assumed to be a spiral with .an odd 
number or series of charges, the attractive and repulsive, cen- 
tral and angular forces of which keep the spiral stretched while 
at rest. Extension takes place in the shape of angular move- 
ments between the individual links of the spiral. In case of 
contraction the electrical charges of the individual dipoles 
change and the spiral contracts, the equilibrium length de- 
creases. The viscous properties of the muscle fibres arc as- 
sumed essentially to he due to variations in linkage of the 
minute structural elements of the contractile substance. 



SUMMARY IN DANISH. 

RESUME. 

Ue tvserstribede Muskelfibres Struktur opfatteo ret forskel- 
ligartet; dette maa bl. a. skyldes tidligere Unders0geres over- 
vejende Anvendelse af fixeret Materiale ved histologisk Under- 
s0gelse. Det paapeges, at Fors0gsbetingelserne bliver mere 
veldefinerede, naar levende, isolerede Muskelfibre benyttes; 
det gjelder ikke blot ved Analyse af Muskelvfevets mikroskopi- 
ske og submikroskopiske Struktur, men ogsaa ved Under- 
s0gelse af Muskelvsevets Funktion. Paa K0benhavns Universi- 
tets gymnastik-teoretiske Laboratorium er saadanne Unders0- 
gelser af levende, isolerede, tvserstribede Muskelfibre foretaget 
med Fr0muskler, og det er Formaalet med nservserende Ar- 
bejde paa tilsvarende Maade at unders0ge Strukturen og Funk- 
tionen af levende, isolerede, tvaerstribede Pattedyrmuskelfibre 
for derved bl. a. at kunne sammenligne Forholdene hos de to 
Dyreraekker. 

Til Definition af de enkelte Strukturelementer gives f0rst 
i Kapitel I Afsnit A en kort Oversigt over Muskelvsevets Struk- 
tur. 

I Afsnit B gennemgaaes de vigtigste tidligere Unders0geIser 
over Muskelvaevets makroskopiske og mikroskopiske Opbyg- 
ning. De enkelte Strukturelementer diskuteres hver for sig, 
idet man samtidig s0ger at korrelere tidligere Unders0gelser 
med egne lagttagelser. 

I de levende Pattedyrmuskelfibre kan man se Longitudinal- 
strukturer, Myofibriller, der strsekker sig kontinuerligt gennem 
Muskelfibrenes Lsengde; men derimod kan man ikke her er- 
kende nogen veldefineret Myofibrildiameter eller Lejring af 
Myofibrillerne i ensartet dimensionerede Bundter. Man har 
heller ikke set spiralforl0bende Myofibriller. 

A- og I-lvEerstribningen er knyttet til Myofibrillerne, skyl- 
des periodisk Variation af den myofibrillsere Finstruktur og 
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ensaPtet Lejring af Myofibrillerne. Soni visl af W. J. Schmidi 
(1934) besidder de isotrope Segmenter ogsaa en ringe Grad af 
Anisotropi. 

Unders0gelserne bekrafter, at Grundmeinbranerne (2) er 
reelle Strukturer; de traeder tydeligere frem ved Strsekning af 
Fibrene, men man finder ikke Proportionalitet nieJIejii dercs 
Tykkelse og Fibrenes Straekningsgrad. Grundmeinbranerncs 
Struktur er ikke fuldt klarlagt, det synes baade at 
dreje sig om intramyofibrillaere og interjnyofibri]Ja?re Daniiek 
ser. 

Qh> et lysere Baand i Midterzonen af de anisotrope Tv.-cr- 
striber, ses hyppigt i de levende Muskelfibre, tydeligst i slraklc 
Fibre, det drejer sig sikkerc om en reel Strukturvarialion i 
Myofibrillerne. M, en smal og m0rk Stribe i A, er ogsaa fundcl 
i levende Pattedyrmuskler, men soni oftest ses snialle Tv.'cr- 
striber lejret asymmetrisk i A, og det drejer sig da sikkert 
blot om optiske Artefakter. N-Tvaerstriber, smaJJe, iiiprkc 
Baand paa hver sin Side af Z, bar man derimod ikke set i de 
levende Pattedyrmuskelfibre. 

Det maa fremhaeves, at Muskelfibrenes Tvaerstribning efter 
Buchthal & Knappeis’ Underspgelser (1940) ikke er beJikoidal 
anordnet. Man kan se Noniusperioder og endda Sphenoder i de 
levende Muskelfibre, men dette kan fremkonime ved Fibrilfor- 
skydning. 

De underspgte Pattedyrmuskelfibre bar ikke visl Forskcl, 
hverken med Hensyn til Farve, Klarhed eller mekaniske Egen- 
skaber (rpde'— hvide, respektive »trube — •liellec Muskelfibre). 

Sarcolemma, Musklens Bindevaev og Myofibril-Scne-Ovcv- 
gang diskuteres, Det anses for sandsynligsl, at Spaendingcn 
overfires fra den kontraktile Substans via Grundmcmbranernc 
til Musklens Bindevaev, selvoin visse Fund er daarligl forcnc- 
lige med denne Teori. Det paapeges, at Bindeva>vsstrukturcn 
tillader stor Forskydelighed mellem Muskelfibrene indbyrdcs, 
men man finder som oUcst, at de anisotrope Lag ligger ud for 
hinanden i Nabofibre. 

De motoriske Endeplader ses kun som Uklarbeder ])aa de 
levende Muskelfibre, og lokal Applikation af en ydersl ringe 
Mffingde Acetylcholin eller Kalium i Opl0sning (henboldsvis 
ca. 10-® mg. og lO""* mg.) virker her .som kontraktionsfrcinkal- 
dende Irritainent, ganske som ved Firbenforspgenc forelagct 
af Buchthal & Lindhard (1942). 

Afsnit C er en historisk Gennenigang af lidligere kvanlila- 
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live Unders0gelser over A/I-Forholdet og dettes iEndring un- 
der Kontraktion. 

I Afsnit D omtales tidligere Unders0gelser over Muskel- 
fibrenes submikroskopiske Struktur, dels belyst ved optiske, 
polarisationsoptiske og rpntgen-optiske Unders0gelser, dels be- 
lyst ved Unders0gelse af Muskelfibrenes mekaniske og ther- 
moeiastiske Egenskaber. Disse Unders0gelser tyder alle paa, 
at den kontraktile Substans i Musklerne er identisk ined Myo- 
sin. Muskelfibrenes Dobbeltbrydning bestaar baade af Form- 
dobbeltbrydning og Egendobbeltbrydning. I Myofibrillernes 
isotrope Segmenter er Micellerne ikke orienteret ensartet, me- 
dens dette er Tilfseldet i de anisotrope Segmenter. Muskelfib- 
renes r0ntgen-optiske og thermoelastiske Egenskaber tyder 
paa, at Molekylkaederne i den kontraktile Substans er flexible; 
medens Kontraktion medf0rer en yderligere Sammenfoldning 
af Kaederne, udrettes de ved Straekning af Muskelfibrene. — 
De sidste Aars Unders0gelser over Korrelationen mellem Mu- 
sk elkontraktionens Kemi og Fysik omtales kort., 

Med Afsnit E afsluttes Kapitel I med en Gennemgang af 
de Forandringer, som kan fremkaldes ved kemisk og fysisk 
Paavirkning af Muskelvsevet, og det vises, at kemiske Fixe- 
ringsmidler kan fremkalde ret udtalte iEndringer i Muskel- 
strukturen, og at det ikke er muligt at fixere Musklen i dens 
normale Kontraktionstilstand. Heller ikke specielle Fixerings- 
nietoder som f. Eks. den af Hurthle anbefalede Frysning giver 
uaendret Struktur. Ogsaa inden for den pathologisk-anatomi- 
ske Forskning kan Fixering give Anledning til Fejltagelser, 
idet mange af de saakaldte Muskeldegenerationer ikke kan 
skelnes fra Artefakter. Alle disse Forhold belyses ved egne 
F ors0g. 

I Kapitel II A beskrives den udarbejdede Teknik. Efter Ex- 
cisionen holdes Musklen resp. Muskelfibrene opbevaret i 37 — 
38° opvarmet, isotonisk Gummi-Ringer- eller Polyviol-Ringer- 
Opl0sning med kontrolleret pH, under konstant Ilt-Kuldioxyd- 
Tilledning. F0rst praepareres et Fiberbundt fri fra Musklen; 
dette anbringes i et Praeparatkammer, hvor den endelige Prae- 
paration ned til det eenlagede Fiberbundt eller den enkelte 
Muskelfiber finder Sted. I Praeparatkammeret holdes Praepa- 
ratet faestet ved Hjaelp af Metalklemmer, saaledes at det kan 
straekkes og afspaendes. Den elektriske Irritation sker via Me- 
« “'■"’‘'inbrene er mikrototograferede, og paa 

ega ivfilmen er H0jden af Muskelfaget og af A- og I-Lagene 
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inaalt ved Hja^lp af et Okularskrueinikrometer. Hvor Muskel 
fibrene er unders0gt in situ, er Fors0gsdyrets (Marsvinels) 
Abdominalvceg klappet ud over et saerlig indreltet Mikroskon- 
objektbord, og tynde Fiberbundter er adprapareret i Musku- 
laturen. Registrering af de tidsniffissige, mikroskopiske For- 
andringer i Muskelfibrene under Enkelkontraktion er sket ved 

Hjffilp af Buchthal & Knappeis’ Fors0gsteknik (1943, a og b) 

Kviks0lv-H0jtryksIainpe med stor Lysstyrke, roterende Lys- 
blaende og Faldkamera. Henned kan man opnaa en Billed- 
hyppighed paa 100 Billeder pr. Sec. og en Exponeringstid pan 
inindre end 4 Millisec. 

Muskelfibrenes kvantitative Dobbeltbrydning er beregnel 

efter Formien: (na-no = j, hvor na -np = Dobbeltbrydnin- 

gen, d = Objektets Tykkelse (i ^n), y = Fasediffercnsen mellcm 
de to forskeiligt brudte Straaler, ?. = B0lgelrengden af del an- 
vendte Lys ( i ; der valgtes den gr0nne Kviksplvlinie sva- 
rende til X ~ 546 najm. Gangforskellen (yl) er bestemt ved Hjrclp 
af Babinet’s Kvartskilekompensator, Fibcrdiameteren er maalt 
direkte ved Hjselp af Okularskruemikrometer. 

Til Unders0gelse af Muskelfibrenes inekaniske Egenskaber 
er Buchthal’ s (1942, p, 6 — 9) og Buchthal & Kaiser’s (1944) 
Fors0gsanordning benyttet. Denne tillader samlidig og kon- 
linuerlig Registrering af Lsengde, Spending og Stivhed af 
Muskelfibrene. Ved Hjjelp af Kondensatormyograf registrercs 
Spaending og Spsendingsvariation; ved Hja?lp af Tongeneralor 
og et elektromagnetisk System fremkaldes Laengdesvingnin- 
ger af Muskelfibrene. 

I Kapitel II B omtales hvilke Muskier i de underspgle For- 
s0gsdyr (Kat, Kanin, Marsvin, hvid Mus og Rotte), der cr fun- 
det bedst egnet som Materiale til Isolering af enkelle Muskcl- 
fibre. For at vaere velegnet til dette Formaal skal Musklcn 
heist have senet Udspring og senet Faesle, have en ukomplicc- 
ret Opbygning med ringe Bindcvaevsindhold og passende Fi- 
berlaengde, samt vaere let tilgaengelig for Excision. Af Mar- 
svinets Muskier er isasr m. gluteus max., m. serralus post, og 
m. obliquus abd. intern, velegnet som Forspgsmatcriale. Mn- 
skelfibre i Mus og Rotter er gennemgaaende for korte. Opbyg- 
ningen af de anvendte Muskier er unders0gt ved Maceration 
af Bindevaevel ved Kogning. Inden for samme Muskel finder 
man ret stor Variation af Fibertykkelsen, derimod cr der ikkc 
vaesentlig Forskel paa Stprrelsen af Fiberdiamclrcnc i de un- 
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dersdete Marsvinemuskler og i Musklerne fra de andre under- 
state Pattedyr: Kat, Kanin og Ged. Sammenlignet med Fr0ens 
Muskier synes Marsvinets Muskelfibre gennemgaaende at vsere 
noeet tyndere og mere ensartet i Diameter. 

I Kapitel III omtales Resultaterne af de kvantitative Be- 
stemmelser af Muskelfdgets og A- og I-Lagenes H0jde. Samt- 
lige undersdgte Muskier fra Marsvin viser overensstemmende 
Forhold, ligesom der ikke er Forskel i Muskelfibre fra Mar- 
svin, Kat, Kanin og Ged. Fundene er de samme, om der maales 
paa exciderede Fibre eller paa Fibre in situ. Ved Ligevaegts- 
i^ngde er Fagh0jden 2,2 A udg0r 62—63 % af Fagh0jden 
og I 37—38 %. Ved Strsekning forlaenges A relativt mere end 
I, ved 50 %’s Strsekning af Fibrene udg0r A saaledes 65 — 66 % 
af Fagbtjden, I 34—35 %. Unders0gelse af Fibrene imellem 
krydsede Nicol’ske Prismer bar givet samme Resultater med 
Hensyn til A/I-Forholdet. Ved isometrisk, tetanisk Kontraktion 
forkortes A gennemsnitligt 14 — 15 %, medens I tiltager 21 — ^25 
% i H0jde. De procentiske iEndringer af A og I 'under Kon- 
traktion er uafhsengige af Fibrenes Strsekningsgrad. Under 
Enkeltkontraktion varer ^ndringen af A/I-Forholdet 30 — 40 
Millisec., og Forandringerne er ved Enkeltkontraktionens 
Maximum ligesaa udtalte som ved tetanisk Kontraktion. For- 
s0gene bar vist det samme som Buchthal, Knappeis & Lind- 
hard’s Unders0gelser af Fr0- og Firbenmuskler (1936), fore- 
taget med samme Metodik. Dette tyder paa, at der er Over- 
ensstemmelse mellem de forskellige Hvirveldyrs Muskier. 
Andre Forfatteres stasrkt varierende Fund tilskrives Anven- 
delse af fixeret Materiale og, bvor der er benyttet levende 
Muskelfibre, Fejltydning af de optiske Billeder og Tolkning 
af artificielle Strukturforandringer som normale histologiske 
Billeder. 


Som nsevnt i Kapitel IV maales Dobbeltbrydningen af de 
isolerede, levende Muskelfibre fra Marsvin til (1,67 + 0,06) 
X 10-3, fQj, Fibre fra m. gluteus max. og m. serratus post., 
lidt lavere for tykke end for tynde Fibre. Forfatterens Maa- 
Unger tyder paa, at Dobbeltbrydningen tiltager ved Straskning, 
og at Fibrene ved den benyttede Metodik afflades let ved 
Str^kmng Dobbeltbrydningen af Muskelfibre for Marsvin er 

dlrjr ««"den som Dobbeltbrydningen af Fr0fibre, 

er a^Bizcftthal & Knappeis (1938) maaltes til (1,70 + 0,016) 

CenL*”’? Senere Unders0gelser at Buchthat, 

nappeis (1946) med forbedret Teknik bar dog 



202 


vist, at Dobbeltbrydningen, bestemt ved den af Biichthal & 
Knappeis (1938) og den af Forf. anvendte Teknik, l,V«er 
18,5 % for lavt, idet Fr0niuskelfibi’enes n0jaglige DobbeU- 
brydning niaaltes til 2,01 x 10-®. Korrigerel efter disse 
Tal, bliver Pattedyrmuskelfibrenes ndjagtige Dobbeltbrydnin" 
1,98 X 10“^, " ^ 

Kapitel V: Muskelfibrenes inekaniske Egenskaber er iinder- 
s0gt ved statiske, semidynainiske og dynamiske Fors0g. 

I Afsnit A omtales de statiske Fors0g, hvor Forholdet niel- 
iem Fibrenes Laengde og Spaending er bestemt, efter at de 
elastiske Eftervirkninger er oph0rt. Disse Fors0g viser, at 
Fibrene er hdjelastiske, og at den statiske Stivhed (ASpa?n- 
ding/A Laengde) tiltager ved Straekning af de hvilende Fibre. 
Straekkes de over 50 %, indtraeder der en plastisk Forlaengelse 
af Fibrene, deres Ligevaegtslaengde (d, v. s. den Lajngde, hvor 
Fibrene bar Spaending 0, men hvor de iidvikler Spaending ved 
en selv nok saa lille Laengdeforpgelse) forpges — dog sjaeldenl 
mere end 10 %. Muskelfibrene taaler at straekkes op til 100 %, 
uden at deres Struktur eller Funktion pdelasgges. 

Kontraktionsextraspaendingen ved isometrisk tetanisk Kon- 
traktion er 3 — 4 Gange sf0rre end ved isometrisk Enkeltkontrak- 
tion, og for begge Kontraktionsformer gaelder det, at Kontrak- 
tionsextraspaendingen er st0rst ved Laengde 100 — 125 (Lige- 
vaegtslaengde = 100). Den enkelte Pattedyrmuskelfiber kan 
praestere en Exlraspaending ved tetanisk Kontraktion paa 
8 — 10 mg. Ved stigende Straekning af Fibrene aftager Kontrak- 
tionsextraspaendingen for at blive 0 ved Laengde 160 — 200. 
Kontraktionsligevaegtslaengden, bestemt ved Afspaending af 
Muskelfibrene fra isometrisk Kontraktion, er gennemsnillig 72, 
d.v. s. Fibrene er forkortet 28 %. 

Varigheden af Pattedyrmuskelfibrenes Enkeltkontraklion 
bel0ber sig til 35—45 Millisec. (ved 37°); Spaendingsmaximum 
naas i L0bet af 15 Millisec. Ved stigende Straekningsgrad af 
Fibrene forlaenges saavel den egentlige Kontraktionsfase .som 
Afslapningsfasen, hvorimod Trajthed mcdfprcr Aflagcn af 
Kontraktionsextraspaendingen, ikke Irengcrevarende Kontrak- 
tionsfase. 

Ved Irritation af Muskelfibrene med Enkeltirritamcnler 
med stigende Frekvens stiger Muskelfibrenes Grundspc'cnding 
ved en Frekvens paa 10 Impulscr pr. Sec., Enkcltkontrnktio- 
nens Extraspanding aftager ved Frekvens IG, men isa^r ved 
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Frekvens 40; den tetaniske Kontraktion er fuldstaendig ved 

Frckvcns 80-~^90. . 

Afsnit B: Af semidynamiske Fors0g, kvor Forholdet niel- 

lem Lffingde og Spasnding registreres under selve Strjskningen 
eller Afspsendingen af Muskelfibrene, der foregaar med be- 
grjenset Hastighed, fremgaar, at h^dlende Muskelfibre udviser 
en visc0s Modstand itiod Laengdesendring. Ved Straekning af 
kontraherede Muskelfibre indtraeder der en plastisk Skridning, 
saaledes at Kontraktionsligevsegtslaengden forlsenges. Afspsen- 
ding af kontraherede Pattedyrmuskel fibre viser, at de er 
elastisk aflaasede, saa laenge Kontraktionen vedvarer, idet 
Fibrenes Kontraktionsligevaegtslaengde ikke aftager trods Af- 
spaendingen. Den Spaending, Fibrene udvikler ved isonietrisk 
Kontraktion, er mindre end den Spaending, man opnaar ved 
Straekning af Fibrene under Kontraktion til samine Laengde, 
men st0rre end den Spaending, Fibrene praesterer, hvis de er 
afspaendt fra isometrisk Kontraktion ved en st0rre Straeknings- 
grad. 

Som omtalt i Afsnit C stiger Muskelfibrenes dynamiske 
Stivhed lineaert med Spaendingen, hvilket viser, at de finstruk- 
turelle Elementer er fuldstaendig laengdeorienterede; Laengde- 
variationerne foregaar som Vinkelbevaegelser i de finstruk- 
turelle Elementer. Pattedyrmuskelfibrenes dynamiske Stivhed 
er ens under Hvile og under Kontraktion henfprt til samme 
Spaending. 

Pattedyrmuskelfibrenes Elasticitetsmodul er maalt til 
0,046 X 10® dyn/cm.2 ved statiske Fors0g, 0,052 X 10® dyn/cm.= 
ved dynamiske Fors0g. 


Afsnit D: Ved Korrelation af Pattedyrmuskelfibrenes 
L^ngde-Spasndingsdiagram med de maalte iEndringer i A/I- 
Forholdet under Str^kning og under Kontraktion finder man, 
at A ved samme Laengde praesterer st0rre Spaending under 
Kontraktion end under Hvile. For I’s Vedkommende er det 
modsatte Tilfseldet, i hvert Paid ved Kontraktion af Fibre ved 
Ligevaegtslasngde eller derover. I kompromitterer Kontraktio- 
nen enten paa Grund af nedsat Stivhed eller paa Grund af 
p ashsk Forlsengelse. I Fr0muskler er der derimod paavist en 

S on't^ifo ^ ^ Kontraktion af Fibre ved Lmngde 
belt op hi 150 {Buchthal, 1942, p. 57—64). 

Pattedvmlf Resultaterne fra Fors0gene med 

™ SEn Undersdgelser over Fr0- 

muskelhbrene, og to konkluderes, at bortset fra Paltedyt 
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muskelfibrenes lavere Elasticitetsmodul er der ikke principiel 
Forskel paa de mekaniske Egenskaber af Muskel fibre fra de 
to Dyreraekker, naar blot det tages i Betragtning, at Muskel- 
fibrene arbejder i forskelligt Temperaturniveau. 

Et mekanisk ^kvivalent for den finstrukturelle Enhed i 
Muskelfibrenes kontraktile Substans omtales. Denne tainkes 
opbygget som en Spiral med et ulige Antal Ladningsraekker, 
hvis tiltraekkende og frast0dende Central- og Vinkelkrajflcr 
holder Spiralen udsp^ndt under Hviletilstand. Straekning fore- 
gaar som Vinkelbevaegelser imellem de enkelte Led af Spiralen. 
Ved Kontraktion aendres de elektriske Ladninger i det enkelte 
Dipolelement, og Spiralen traekkes sammen, Ligevaegtslrengden 
aftager. Muskelfibrenes visc0se Egenskaber skyldes overvejen- 
de Bindingsvariationer i den kontraktile Substans’ Finstruktur. 
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Introduction. 


CHAPTER 1. 

The Basis and Purpose of the Investigation. 

During tlie last few decades there has been rapid development in 
the field of artificial lighting. An outstanding progress is the possi- 
bility to control to a greater extent the spectral composition of ra- 
diant energy for illumination. This advance was reached by the in- 
troduction of gaseous-discharge lamps and fluorescent lamps in light- 
ing practice. The spectral control has hitherto been applied mainly 
within the limits of the visible spectrum, with the development of 
“daylight illuminants”. Early in this new era of illumination the 
suggestion was made, and experimentally realized, to utilize the 
technical possibility existing for the accomplishment of artificial 
daylight also with respect to the invisible components of natural 
daylight, primarily the ultraviolet radiation (Luckiesh, 1930, 1946; 
Porter, Egeler, and Sturrock, 1932; Oday and Porter, 1933). 
The idea has, however, not yet been investigated with respect to 
possible hygienic and physiological value and practical applicability. 
This has been the main purpose of the investigation presented here. 

The primary reason for the study is found in the fact that impor- 
tant photobiological effects of daylight and sunlight, such as sun- 
burn and synthesis of vitamin D, are limited to the ultraviolet part 
of the sun’s spectrum and especially the very short-wave end of it. 
Outdoor natural daylight involves, for human beings, not only an 
illumination effect but also an irradiation effect, and indoor artifi- 
cial illumination will never be an ideal substitute for daylight unless 
both of these general effects are secured. The natural daylight in- 
side a common window is almost completely deprived of these parti- 
cular rays, due to a selective absorption in the glass. There is in this 
respect a kind of biological shadow from ordinary windows, and 
even internal daylight is not a complete substitute for outdoor day- 
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In the interpretation of the ultraviolet irradiation effect of day- 
light an important geographical factor must be considered. In most 
inhabited parts of the earth the problem of the people might rather 
be to protect themselves against this kind of radiation; at least, there 
is no need of any supplementary irradiation. For the Scandinavian 
peoples, on the other hand, the natural supply of ultraviolet radia- 
tion might be expected to be less than for any other nation. The 
reason is that the short-wave ultraviolet part of the solar radiation 
is depleted to a much greater extent than the visible and the in- 
fra-red parts by the low sun elevations predominant there. The lati- 
tudes of Scandinavia, 55 — 70 deg. N., correspond to those of South 
Greenland, Alaska and Siberia, and the life of the Scandinavian na- 
tions is primarily dependent on the indirect supply of heat from 
ocean currents and atmospheric convection. In this way the cli- 
mate of the air makes settling possible (cf. JIarkham, 1947), but the 
solar radiation climate may be expected to be less favourable, 
especially with respect to the supply of ultraviolet radiation during 
the long winter. The problems concerning the possible hygienic 
importance of a supplementary administration in some form of 
ultraviolet radiation may then be considered as a special, or specific, 
interest of Scandinavia. 

There is, on the other hand, undoubtedly manifest a tendency to 
exaggerate the vital importance of both natural and artificial sun- 
light and, especially, to make extravagant claims for it as a thera- 
peutic force (cf. Laurens, 1935). Among the variety of effects hit- 
herto recognized of ultraviolet energy on the human body only the 
photo-synthesis of vitamin D in the skin is proved as an essential. 
It is a generally accepted fact that the ultraviolet component of day- 
light constitutes the main natural source of this vitamin for both 
man and animals. The pronounced geographical and seasonal va- 
riation of the incidence of rickets in infants may receive a complete 
explanation on this basis. The main action of vitamin D in the hu- 
man body is 'to promote the calcification of the bones, and the vita- 
min may then be assumed to be of special importance for the grow- 
ing body. The potential risk of a vitamin D deficiency in infants 
during the long winter in Sweden is now well recognized and, in the 
main, is successfully counteracted by the administration of vitamin 
D preparations to all babies and infants. In older infants, as school 
children, the clinical manifestations of a possible vitamin D defi- 
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ciency are not very marked, and even rather unknown, and jMfO-* 
phylactic measures have not the same prevalence. Hence, tichoctl’ 
children provide a suitable experimental material for an investiga- 
tion on both the physiological consectuencea of the lack of natural 
ultraviolet radiation and the possible effects of a supplementary ad- 
ministration of it during the winter. The mechanisms underlying 
the radiation effects are secondary questions in this respect, and are 
not the subjects of the present investigation. The possibility may 
not a priori be excluded that a continuous ultraviolet irradiation of 
children also exerts other effects of health-improving character than 
does a simple administration of pure vitamin D. The present state 
of our knowledge — or rather our lack of exact knowledge — in this 
field does not justify a presumptuous dismissal of ultraviolet radia- 
tion as an additional factor of hygienic and biological importance. 

In contrast to the visible and infrared components of sunlight, no 
immediate sensation exists for man when the ultraviolet component 
is lacking; for light and radiant heat the body is provided with spe- 
cial sense organs, but ultraviolet radiation acts in complete silence. 
This adds further importance to ultraviolet as a potential factor in 
the radiation climate, especially from the hygienic point of view. 
The most rational way of securing people their possible require- 
ment of ultraviolet in the dark season should then be to com- 
bine it inherently with its perceptible relevants, i. e., to utilize the 
obvious claim for artificial illumination during the winter as a means 
for the regulation of the silent need of ultraviolet radiation. Indoor 
artificial lighting should provide a radiation climate with as much as 
possible of the biological effects of outdoor natural daylight. The 
special featme of such a manner of administration should be the 
continuous low-intensity irradiation, in the place of the massive 
high-intensity exposures used in physical medicine and in the com- 
mon form of artificial sunlight treatments. 

Besides the direct effects on the occupants it may be expected 
that an artificial lighting system with the simultaneous emission of 
Tiltraviolet radiation also exerts a favourable bactericidal action in 
the room. The effect in this respect of common artificial illumina- 
tion is practically none owing to the low intensity and the lack of 
powerful ultraviolet radiation. Natural daylight from windows 
maintains some part of the germicidal power, due to the compara- 
tively high intensity of blue and near -ultraviolet radiation (cf. Hon- 
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LAENDER, 1946). The most effective radiation for kilUng bacteria 
is, however, the ultraviolet wavelengths corresponding to the short- 
Avave limit of the solar spectrum, and the maximum effectiveness is 
found at still shorter wavelengths. This germicidal power of short- 
wave ultraviolet radiation has in recent years been effectively uti- 
lized as a basis for sanitary control of air-borne infections, furthered 
especially by the development of the low-pressure mercury lamp 
(cf. ]\IouLTON, 1942). An ultraviolet illumination as outlined here 
would combine the germicidal effect in the room with the irradiation 
effect on the occupants. 

The International Commission on Illumination (I, C, I.) has consti- 
tuted at the 1931 Cambridge congress a Committee on Ultraviolet 
Radiation, with the programme to evaluate physical measurements 
of ultraviolet radiation as emitted by modern light sources. The 
Reports of the Secretariat-Committee to the latest congresses, 1935 
and 1939 (I. C. I., 1937, 1942), deal particulary Avith problems concer- 
ning the application and standardization of spectral measurement 
devices, but there are also collected data and discussion on the bio- 
logical effects of ultraviolet radiation, which are of importance to 
the physical aspects of an ‘ultraviolet illumination.’ In the last re- 
port (I. C. I., 1942) it is emphasized that “It is for the medical science 
to express \dews as to the desirability of the general use of sources 
of ultraviolet radiation”; the present investigation may be conside- 
red as a first attempt to give an experimentally founded answer to 
this basic problem of the field. 


CHAPTER 2. 

A Brief Survey of Ultraviolet Radiology. 

The field of ultraviolet radiology involves aspects from a number 
of different sciences, as physics, chemistry, technology, climatology, 
biology, hygiene, and medicine, and most of them are in some form 
represented also in the present study. It is, however, far beyond the 
scope of this chapter to review the entire field. Only some glimpses 
of basic knowledge and data of special interest to the present pur- 
pose of ultraviolet illumination will be given. There are many ex- 
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tensive and excellent treatises published in recent years on both the 
entire field and special regions of it. Exhaustive reviews are given 
by Ellis, Wells, and Heyroth (1941), Meyer and Seitz (1942), 
and DiiRisfiRE (1947), and the volumes of Duggar (1936) include 
valuable articles on both physical and biological problems in the 
field. An essay on chemical aspects of light is given by Bowen 
(1942). Luckiesh (1930,. 1946) has treated the field particulary 
from the aspects of interest here, and Harris (1932) has given 
a synopsis of the ultraviolet technology. The reviews of Buttner 
(1938) and de Budder (1938). include a number of climatological 
aspects, and predominantly biological reviews are given by Laurens 
(1933, see also Laurens, 1938, 1941, 1944), and Blum (1941, see also 
Blum, 1943, 1944, 1946), and therapeutic reviews by Ellinger (1941) 
and Krusen (1941). Authoritative articles on the therapeutic appli- 
cations of ultraviolet radiation are found in Handbook of Physical 
Medicine, published by the Council on Physical Medicine, XJ. S. A. 
(1945). Some excellent articles on different aspects of 'ultraviolet 
radiation are also found in the extensive volume Medical Phjsics, 
edited by Glasser (1944; see the articles by Blum; Eorsythe and 
Adams; Laurens; and Krusen and Elkins). Some basic articles 
on the hygierdc applications of ultraviolet as a bactericidal agent 
are collected in the volume Aerobiology, published by Moulton 
(1942), and a recent review is given by Hollaender (1946). 


The Nature of Ultraviolet Radiation. 

The special character of ultraviolet radiation as a powerful environmental 
factor is due to its high quantum energy. In the interaction of radiation and 
matter, with regard to both emission and absorption of radiation, the wave 
theory of radiation must be replaced, or completed, by the quantum theory in 
order to permit a physical interpretation of the processes. Radiation is emitted 
and acts as discrete packets of energy, or quanta, and the magnitude of the 
quantum (g) is related to the frequency of the radiation (v) according to the law 
of Planck: 


g = 7t V 

where h is Planck’s constant, which has a value of 6.6236 • 10'^’ erg-seconds. 

The frequency (v) and the wavelength (X) of the radiation are related to the 
velocity (c) of light (3 • lOi" cm/sec.) by 


c = V X 
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A basic aasumption in the quantum theory of radiation and hence in 
the whole of photochemistry and photobiology, is that of fixed energy kvek 
in the atoms and molecules. An atom in its normal state contains a given 
amount of energy, representing the lowest level of these fixed levels; they 
are in some way connected with the electronic structure of the particle 
(atom or molecule). To change from a low energy level to a higher level 
the particle must absorb a quantum of energy equal to the difference in 
energy between the two levels. The higher levels are unstable, representing 
different degrees of excitation, and the highest level is the state of ioniza^ 
iw7i, wlien an electron is separated from the particle. In order that 
ionization may occur the quantum absorbed by the atom or molecule must 
have a certain minimum energy. 

The source of excitement may be thermal energy, electric energy or 
radiant energy, but it always provides the absorption of quanta which 
wdll supply the exact energy required to raise it from a low level to 
a high level. One way for the particle to return from the excited state 
to the normal state is by emitting as radiation the same quantum of 
energy as was absorbed* This is the basic process of aU light«sources; when 
the excitement is produced by heating the emission of radiation is called 
incandescence and when produced by electric or radiant energy it is termed 
luminescence (electro-luminescence and photo-luminescence, respectively; the 
latter is termed fluorescence when the emission follows immediately after 
the excitement and phosphorescence when the emission is delayed). The 
tungsten-filament lamp is an incandescent radiator, while electro-lumine- 
scence is the principle of the vapour-discharge lamps such as the mercury 
arc, and fluorescence is utilized in the recently developed fluorescent or 
luminous tubes. The emission spectrum of a vapour-discharge lamp shows 
a number of distinct lines at different %vavelengths, i. e., quantum sizes, 
each corresponding to the difference between two out of the fixed energy 
levels of the atom of the gas. The excitement is produced by the im- 
pact of an electron of the current passing through the vapour. 

The molecules possess a great number of quantized stages, due to 
mutual effects between the atoms, and hence a great number of wave- 
lengths, usually as wavelength bands or a continuous spectrum, which are 
emitted or absorbed. The emission is mainly produced by heating, as in 
incandescent lamps, or by photo-luminescence, as in fluorescent lamps. 

The absorption of radiation by molecules is of special interest to photo- 
chemistry and photobiology. The capture of a quantum may give rise 
to an excited molecule, or if the absorbed quantum is sufficiently large 
it may produce ionization of the molecule. The excited or ionized particle 
is likely to start or take part in chemical reactions. Ionization obviously 
will he more often produced by short wavelengths (large quanta) than 
by long ones. Absorbed quanta of smaller size may produce fluorescence, 
or excited molecules, or the energy may be degraded by collisional or 


other processes into heat-energy (see Bow:en, 1942). 

Instead of dealing with single quanta and single molecules, which make the 
numerical values very small, it is convenient to use the gram molecide (6.023 * 
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Pig. 1. The ratio of quantum energy to wavelength in the near-ultraviolet, 
visible, ahd near-infrared spectrum seen in relation to the corresponding 
three fundamental radiation effects on man, viz., chemical action, luminous 

action, and heating action. 


1023 molecules) as the reference amount of matter. The quantum energy in a 
given wavelength may then be expressed in kilogram calories per gram molecule 
{the Einstein-unit), giving a measure of the amount of energy which would be 
absorbed if every molecule of a gram molecule (mole) absorbed a quantum of 
the frequency or wavelength in question. Thus, the magrdtude of a quantum 
of energy of wavelength 300 mp,, of frequency 10^^ aec.‘S Is 6.62 * 10*^2 ergs, and 
a gram molecule number of the above quanta is equal to 95.27 kilogram calo- 
ries. The energy differences in electronic transitions is about 20 to 200 k. cal. 
per gram molecule. To produce the same electronic excitement by heat alone 
would require exceedingly high temperatures. 

Fig. 1 shows the relation of quantum energy to wavelength \\dthin the spectral 
range of interest here. Above about 760 mp the magnitude of the quanta are 
too small to excite even the sensitive visual substances of the retina, and the 


energy is degraded into heat. Due to the increasingly superficial absorption of 
longer infra-red wavelengths in the skin the sensation of warmth for equal 
amounts of radiation increases toward the long- wave infra-red. The visual 
substances of the eye are adapted to magnitudes of quanta corresponding to 
the wavelength region 400 — ^760 mp, the visible spectrum. At the limit of 
about 315 mp the quanta become sufficient to .produce decomposition of celhdar 
andthe same upper quantum or wavelength limit has the photosynthesis 
of vitamin B, The short-wave end of the solar spectrum is situated at 295 — 
d^O mp according to the elevation of the sun above the horizon. At wavelengths 
below about 280 mjx the lethal effects of radiation are dominant. 

ultraviolet region 316-400 my. is sometimes caUed UVA, the 
region 280 315 my. IJVB and the short-wave region below 280 mjA 
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The Photochemical Principles, 

The first act in any photochemical reaction is the absorption of a quantum 
of energy by an atom or molecule in the reacting system (the Equivalence Law 
of Einstein). If every absorbed quantum results in the transformation of the 
absorbing molecule, the quantum yield of the reaction is said to be unity. This 
is, however, not always the case, and the yield usually varies for different mag- 
nitudes of quanta, i. e., for different wavelengths. The spectral variation of the 
relative efficiency factor is expressed by the action spectrum of the reaction. 
The number of molecules transformed is determined by the number of absorbed 
quanta times the corresponding efficiency factor of every Mmvelength. This is 
the photochemical principle underlying the use of hiologxcaUy^veighted units 
of radiant energy, frequently applied in later chapters. 

The yield of every wavelength is commonly but incorrectly related to the 
amount of energy absorbed. This amounts (Q) is expressed by the equation 

where N equals the number of quanta of the magnitude A v. According to the 
equivalence law the correct measure is obviously not Q but N in the equation 
above; the action spectra obtained by energy measurements must be corrected 
for relative number of quanta (Blum, 1944). Considering the uncertainty of 
most of the biological action spectra this correction does not, however, add 
significantly to their reliability. 

The equivalence law involves the tw'o other Inw'S inherently associated ^vith 
photochemistry: the Grotthus-Draper law, stating that only those wave- 
lengths of radiation which are absorbed by a system may produce photochemical 
reactions in that system, and the reciprocity law of Bunsen and Roscoe, stating 
that the product of the duration (/) and the intensity (E) of radiant flux vbich 
will produce a given quantity of a given chemical reaction is a constant: 

E-t = k 

Numerous photobiological processes follow this law^ quite accurately within 
certain limits of exposure times, e. g., the threshold of erythema in sunburn 
and the killing of bacteria. The term dosage is convenient to use foi the product 
of intensity and time (Et), or, in other words, the quantity of energy applied. 


Sources of Visible and Ultraviolet Radiation. 

The sources of optical radiation, including the ultraviolet, visible 
and infra-red wavelength regions, may conveniently be divided into 
two main groups: thermal radiators and luminescent radiators. 

The essential component in thermil radiators is a heated solid body, 
as in radiant heaters or tungsten filament lamps. Such radiation 
consists of quanta of a great number of sizes, and appears as a wide 
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Fig. 2. Spectral energy distribution in the radiation from- an ideal black 
body of different surface temperatures (T). The radiating surface (A) is 
chosen so that the total emission is similar for all cases. The inset dia- 
gram shows the percentage of ultraviolet energy for different spectral regions 
in the total emission at different temperatures. (After Mever and Seitz, 
1942, and Luckiesh, 1930.) 

continuous spectrum. The region of maximum intensity of the 
spectrum shifts toward shorter wavelengths as the temperature of 
the body increases, and the body emits considerably more radiant 
energy as a whole. The physical law describing the spectral energy 
distribution as a function of temperature was formulated, for an 
ideal ‘black body’, by Planck in 1900; in the derivation of this for- 
mula the constant h was first found to be essential. Fig. 2 shows 
some curves calculated by this equation for different temperatures. 
The spectral energy distribution of the tungsten-filament lamp radi- 
ation is approximately similar to that of a black body of about 
2,800° K, and the maximum temperature of the filament, ♦de- 
termined by its melting point, is about 3,200'^ -K. It is obvious 
that artificial thermal radiators are inefficient sources of ultraviolet 
radiation; the temperature of the system is not sufficient to supply 
energy to the molecules for the emitting of larger quanta. Only about 
l/10,000th of the energy emitted by the tungsten filament is found 
in the wavelength region capable of producing such biological effects 
as sunburn and synthesis of vitamin D, and most of this radiation is 
absorbed by the glass bulbs of such lamps (see Forsythe and 
Christison, 1930). However, tungsten filament lamps with the bulb 
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of quartz or a special ultraviolet-transmitting glass have been clai- 
med for as therapeutic sources of ultraviolet radiation (“Vitalux” 
■“Mazda CX lamps”, see, e, g.. Damme yer and Skaupy, 1930). 

The most important source of radiation for living organisms is 
//le sun. The radiation characteristics of the solar spectrum corres- 
pond approximately to that of a black body of the surface tempera- 
ture 5,600° K (see Forsythe and Christison, 1930). The relative 
content of ultraviolet radiation is several hundred times that of the 
incandescent light, but the short-wave spectral limit is found ab- 
rubtly at 290—295 m(j(. at the surface of the earth. This limit of the 
spectrum is due to the absorption of shorter wavelengths during the 
passage of the rays through the atmosphere. The absorption of the 
chemically most active radiation, wavelengths below 200 m(jt, pro- 
duces ionization of the highest layer of the atmosphere, and a 
formation of ozone from oxygen is induced. T/ie solar-formed ozone 
provides a very effective filter for xvavelengths below 300 m/x and is the 
main factor determining the short-wave limit of the sun’s spectrum 
st the surface of the earth. Thus, the solar radiation itself forms 
the filter in the atmosphere, which screens out the wavelengths of 
a, chemical activity too high for permitting organic life. The maxi- 
mum energy in the solar spectrum is present in the region 500—600 
mp., where the sensitivity of the human eye has its maximum; an 
example of the rational adaptation of humans to sunlight as the 
paramormt environmental factor. 

A powerful natural source of ultraviolet radiation is furthermore 
the radiation from the sky. The scattering of light in the atmosphere 
is, according to the law of Rayleigh, inversely proportional to the 
fourth power of the wavelength, and hence affects the blue and 
ultraviolet wavelengths in the solar radiation more than the red and 
infra-red wavelengths. As will be discussed in a later chapter the 
intensity of ultraviolet radiation of wavelengths below 316 mp. on 
a horizontal surface fully exposed to sun and sky is more than half 
due to the sky radiation. 

Efficient artificial sources of ultraviolet radiation are found only 
among the luminescent radiators. When light is radiated by some 
process in which high temperature is not the main consideration, 
the light is said to be due to luminescence (popularly referred to as 
“cold light”). The spectrum of luminescent radiation differs frona 
that of thermal radiation in that it is always discontinuous, some- 
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times consisting of a group of bands, sometimes of narrow lines and, 
occasionally, of a combination of the two. The wavelengths of the 
bands or lines are characteristic of .the material used. Band spectra 
are produced by radiating molecules, while line spectra are due to 
single atoms. Luminescence may be excited in various ways but 
ultimately these are the same in that they all involve a disturbance 
of the natural energy of -the electrons. Of greatest interest is the 
electro-luminescence excited by the impacts in atoms of free electrons 
set in motion by an electric field, and the photo-luminescence, excited 
by the absorption of quanta emitted from other atoms. To the first 
class belongs the radiation emitted by vapours and gases in electric 
arcs and sparks, and the second group includes radiation by fluo- 
rescence and phosphorescence. 

The mercury vapour arc in quartz is a particularly strong source 
of ultraviolet rays and is widely used for experimental studies as 
well as being the most common source of ultraviolet for therapeutic 
purposes. Quartz is used for the enclosure as it is transparent for 
radiation of wavelengths down to 190 m[x, while ordinary glass will 
transmit only rays of wavelengths longer than 320 m[i... These sour- 
ces are often referred to as quartz mercury arcs, or by the misnomer 
“quartz lamp.” Several types of such lamps are on the market. 
The wavelengths of emitted lines are virtually the same for all, 
although the relative intensities may vary to some extent. A main 
factor determining the relative spectral output is the vapour- 
pressure of the mercury, and hence the temperature of the arc. The 
common therapeutic “hot” mercury arc operates at a vapour-pres- 
sure of about one atmosphere and emits distinct lines distributed 
over the ultraviolet and visible region (see, e. g., Rosslee, 1940; 
Oranje, 1943; Forsythe and Adams, 1944; Coblentz, 1945, 1946). 
Provided with an outer bulb of special glass, absorbing radiation of 
wavelengths shorter than about 280 m(x, such lamps are sometimes 
called “sun-lamps^’. Such a type is employed in the present study 
for the purpose of ultraviolet illumination, and, will be described in 
later chapters. 

Special types of sun-lamps were developed in the U. S. A. (Gene- 
ral Electric) more than a decade ago, the S-1 and’ S-2, consisting 
of a tungsten filament in parallel with a small mercury arc and thus 
combining the thermal emission of the tungsten filament with mer- 
cury-vapour lines (Forsythe, Barnes, and Easley, 1931). The 

2—4847 H . Itonge 
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spectral limit in the ultraviolet region is about 280 mix, which. ^ de- 
termined by the special glass of the bulb (see A. H. Taylor, 1931). 
Considerable amounts of light and infra-red are emitted, and the 
sources were previously intended also for general use as “dual pur- 
pose lighting”, i, e., producing general illumination and ultraviolet 
irradiation at the same time (Luckiesh, 1930; Porter, Egeler, and 
Stubrock, i932). The bulbs of the lamps last for about 200 or 300 
hours of burning time and must then be replaced. 

Other types of sun-lamps which in different modes combine the 
emission of mercury lines with thermal radiation from a tungsten 
filament, enclosed in the same bulb, are “the type G mercury glow 
lamp” and the “Ultra-Vitalux lamp.” They are designed for thera- 
peutic purposes (see Meyer and Seitz, 1942; Eorsythe and Adams, 
1944). 

The considerable amoimts of visible radiation emitted from the 
mercury vapour lamps make them -poiverful light-sources, and they 
are in recent times widely used in combination with tungsten fila- 
ment lamps for industrial lighting. The strong violet and green 
lines of the rnercury spectrum balance the predominance of yellow 
and red radiation in the incandescent light with the result of a white, 
“daylight illumination” The discontinuity of the spectrum may 
cause some disturbances in the exact evaluation of colours, but with 
suitable proportion of mercury arid incandescent light these are usu- 
ally of no practical importance (see Matthews, 1940). In this mo- 
dern use of mercury arc lamps for illumination no attempt is made 
to utilize the ultraviolet radiation for a simultaneous irradiation 
purpose; the quartz tube of the mercury arc is enclosed by a bulb of 
ordinary glass, absorbing most of the radiation of wavelengths be- 
low 315 m[x (see p. 37). 

New developments of mercury arcs are those operating at very 
low as well as very high mercury- vapour pressures. The low-pressure 
mercury arc (“cold quartz arc”) emits most of its energy as reso- 
nance radiation of the wavelengths 253.7 and 185.0 m[x. Confined 
in bulbs or, tubes of special glass highly transparent for wavelengths 
longer than 230 mjx these, arcs are efficient sources of radiation jor 
Idlling bacteria and molds and are known under trade names as Ger- 
micidal Lamps, Sterilamps, etc. Wavelengths shorter than 230 m[J. 
must be absorbed by the enclosing glass in order to prevent excessive 
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The Measurement of Ultraviolet Radiation. 

The measurenieiit of radiation consitutes a basic assumption for 
the quantitative study of phbtobiological processes, but is, however, 
by no means a simple problem. The value of much of the published 
material is g^reatly reduced by the absence of accurate measurements 
and adequate identification of the spectral distribution of the ra- 
diation employed. The effects of ultraviolet radiation are highly se- 
lective so that the measurement of ultraviolet radiation requires mea- 
surenients of narrow spectral regions] the active regions are different 
for different photobiological effects. The evaluation of a given ra- 
diation in regard to a given effect may be carried out in two different 
ways. The one is to use a measuriug device \nth a spectral response 
similar to that of the effect. The other is to measure the radiation 
for each wavelength after having resolved its spectral components, 
and then to make the evaluation arithmetically with respect to the 
spectral efficiency curve of the biological effect. In the present 
study it is mainly this second procedure which has been employed. 
The methods will be described in a later chapter and only a brief 
outline of basic devices is given here. Recent reviews of radiation 
measurements with special respect to photobiological effects are 
given by, e. g., Taylob and Holladay (1931), Brackett (1935, 
1936), Seitz and Meyer (1942, 1943), and Henschke and Schulze 
(1942). Mobikoeeb (1939) has reviewed the methods of meteoro- 
logical radiation measurements. Recent developments in the U. S. A. 
are described by Luckiesh (1946). 

Beceivers of radiation, used for indication or integration of quantity of radia- 
tion, are thermopiles, photoelectric devices, photo-chemical reaction systems, and 
the photographic plate. The thermojiiles are uniformly sensitive throughout the 
spectrum and are useful as standard instruments but not very adapted to field 
work. The phoioctcciTic cells are selective detectors of radiant energy and appro- 
priate types may be chosen for different spectral regions. Two types are to be 
differentiated: the high-vacuum or gas-filled emissive type (phototubes) and 
the barrier-layer or self-generative type. Among the photoemissive cells particu- 
larly the cadmium cell, introduced by Dorno (1919), is suitable for ultraviolet 
measurements. By means of proper filters it is possible to provide a sensitivity 
curve in close agreement with the relative erythema response of human skin 
(see BiiTTRER, 1931). The Rentschler Ultraviolet Meter comprises special 
uranium, thorium, cerium, titanium and tantalum photoelectric cells connected 
to a glow relay tube and is used both as indicating intensity-meter and time- 
integrating energy-meter (Rentschler, 1930). Other similar instruments are 
developed by A. H. Taylor (1934 a), who has described useful instruments for 
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Biological Efiects of Ultraviolet Radiation. 

Every biological effect of ultraviolet radiation on tbe human body 
is caused by its action on the outer membranes, mainly the skin. 
Tbe effects are, however, not limited to those organs, as substances 
photochemically formed by the direct action on the skin are absorbed 
through the skin and distributed throughout the body by lymph and 
blood. The photobiological effects may then be suitably grouped as 
direct and indirect, the former including the local changes at the place 
of the absorption, and the second including the general, systemic 
effects induced in the body by the irradiation. In the scope of these 
pages it is impossible to give more than a brief outline of the theme, 
and the references must, in order to limit the bibliography, mainly 
be given to recent reviews and monographs. 

For the design of a continuous ultraviolet irradiation, as was to 
be employed in the present investigation, the state of knowledge 
with regard to the dosage and spectral relations of irradiation and 
effect is of basic importance, and will be discussed in detail in a 
following chapter. 


The Photoerythema of the Skin. 

The almost immediate reddening of the sldn dixring and after ir- 
radiation by sun or a sufficiently strong artificial source is due to the 
heating by the long luminous and infra-red wavelengths. The skin 
erythema known as sunburn (photo-erythema) differs from the si- 
milar change caused by heat in that it develops only after a latent 
'period, amounting to 2 hours on the average but ranging from 1 to 
7 hours. Furthermore it is not as fleeting as heat erythema; the red- 
ness gradually increases and attains a maximum usually after 7 hours, 
and may subside after 18 to 24 hours. According to the intensity of 
the irradiation it may be combined with blistering and haemorrhage. 

That heat is not the cause of sunburn was proved by E. P. Win- 
MABK in 1889. The modern era of photobiological research began 
with the pioneer work of Niels E. Finsen, who in 1893 showed that 
sunburn is caused by the ultraviolet, “chemical” rays present in 
sunlight, and later introduced ultraviolet irradiation as treatment of 
the skin tuberculosis known as lupus vulgaris (see Lomholt, 1946). 
The present state of knowledge with regard to photoerythema is 
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founded in numerous works and the historical development cannot 
be considered here. 

Using ordinary intensities, the longest wavelengths that produces 
er 3 d;hema are between 315 and 320 m[x. The curve representing rela- 
tive effectiveness of different wavelengths rises to a maximum at 297 
m[x, descends to a minimum at 280 m[jL, then rises to another maxi- 
mum between 250 and 240 m[JL and extends to an undertermined 
shorter wavelength (K. W. Hausser 1934; see also p. 51). 

The depth of penetration of different ultraviolet wavelengths into 
the skin is an important factor for the interpretation of the effects. 
Only a very small portion of wavelengths below 300 m[jL is trans- 
mitted through an ordinary thick epidermis (80 — 100 [x) while longer 
wavelengths may reach the capillary layer in considerable amounts. 
The homy layer of the skin shows an increasing absorption for wave- 
lengths below 300 m[jL, with a first maximum at 280 mfji (Bachem, 
1931). By regarding the corneum as a protecting screen for the Mal- 
phigian layer cells beneath it, the characteristic action spectrum of 
erythema may be explained as derived from the absorption spect- 
rum of a typical protein constituent of living cells (Mitchell, 1938). 
By the decomposition following this absorption it is assumed that 
vaso-dilating H-substances acting on the cutaneous capillaries are 
liberated, and the presence of such substances in the skin and the 
blood after irradiation is also proved in many different ways (see 
Laurens, 1941). The latent period of the erythema is explained as 
due to a slowly diffusing “H-colloid.” Ellinger (see Ellinger, 
1941) has given evidence for a direct photochemical formation of 
histamine from histidine occurring especially for radiation about 
250 m[jL and being responsible for the paler and more rapidly sub- 
siding erythema produced by these shorter wavelengths. A com- 
prehensive, tentative scheme of the processes underlying the pho- 
toerythema is recently given by Blum (1945) and some new addi- 
tions to the theories are made by Blum and Terus (1946 a-b). 

The importance of ultraviolet wavelengths longer than 320 mp, 
for the irradiation effects on the skin was first demonstrated by 
Lomholt (1936) at the Einsen Institute, who showed that the thera- 
peutic effect of irradiation on lupus is mainly due to the spectral 
region 320 350 mp. and that these rays are also capable of producing 
erythema and, especially, pigmentation, when applied in sufficient 
doses. The work of I. Hausser (1938), extended by others (see Lau- 
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BENS, 1941; Blum, 1943), lias given further evidence of specific effects 
of lonQ-WQiVe ultTuviolet Tcdiotion for the pigmentotion occurring after 
ultraviolet irradiation. The effect of the longer ultraviolet rays is 
assumed to be a transformation of an uncoloured leukdmelanin, 
present in the basal cells of epidermis, into dark melanin; the for- 
mation of leukomelanin seenas to be induced by the erythema-effec- 
tive wavelengths below about 320 mp. The photochemical mecha- 
nism of the photo-pigmentation is thus to be distinguished from 
that of the erythema. The action spectrum of photo-pigmentation 
has a flat maximum in the region 340—380 m[jL but extends to about 
420 m[i,. The transformation of leukomelanin into melanin has no 
latent period but requires the presence of oxygen; it is assumed to 
be an oxidation, and is affected by the presence of sexual hormones. 
The energy of radiation required for producing an immediate pig- 
mentation without preceeding erythema by long-wave ultraviolet 
is of the order of 600 times that for producing erythema by the wave- 
length 297 m(jL (cf. p. 51). A recently published action spectrum com- 
bines the erythema and tanning effectiveness of ultraviolet radiation 
(Luckiesh and Taylob, 1939). 

The susceptibility to sunburn may vary considerably between dif- 
ferent individuals. There is a seasonal variation with a spring maxi- 
mum, a summer minimum and a fresh rise in the autumn (see El- 
LINGEB, 1941). Blondes are from 40 to 170 per cent more sensitive 
than brunettes. Endocrine influences seem to play an important 
part and are probably bound up with the sex fimction; before and 
during puberty the sensitivity is less than one half of that of sexual 
maturity age, and there is a decrease of sensitivity also in the in- 
volutionary age. Women are about 20 per cent less photo-sensitive 
on the year’s average than men. 

The most important role for the adaptation of the skin to erythema- 
effective radiation is the thickening of the epidermis, mainly its 
horny layer (comeum). This may be regarded as an effect of increased 
metabolism and growth of the skin, induced by the improved blood 
supply and also by the probable liberation of growth-promoting 
substances (see Blum, 1943). The peeling which may follow the ir- 
radiation may be seen as a sign of this increased growth rate of the 
skin. The pigment appears almost exclusively in the basal cells of 
epidermis and is the sun-shade for the dermis as the horny layer is 
the sun-shade for the epidermis (Miescheb, 1931; cf. Laubens, 1935). 
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A number of other effects, chemical and physico-chemicid, occurring in the 
skin after ultraviolet irradiation are described, as increased bactericidal pro- 
perties of the lipids of the skin, increase of Bulfhydril-concentration, rise of the 
cholesterol content, destruction of enzymes, change of fluorescence, etc., ‘eto., 
(see EUiiNaER, 1941; Laukens, 1941; Blum, 1943). Irradiation is said to cause 
an intensification of the skin eruptions of epidemic diseases (smallpox, morbilli) 
when applied during the incubatory period (Worinqeb, 1931). 

JUaligiiant tumors have been produced in experimental animals as a result of 
excessive exposures to ultraviolet radiation given either as sunlight or from 
artificial sources. The exposures needed are usually far outside the range in 
general use by man, either in sun bathing or in the use of rays from artificial 
sources. The incidence of skin cancers in white men is, however, shown to be 
predelicted to regions of strong sunshine, and it is significant that malignancy 
is rarely, if ever, seen in negroes. The effective spectral region is shown to be 
that of 290 — 334 m{x. Whether there is a specific effect of the radiation, as a 
formation or photodynamic activation of cancerogenio hydrocarbons, or if the 
malignancy is developed from chronic, precancerous lesions caused by the 
repeated irradiation, is still open to question (see Blum, 1941, 1943, 1946; 
Laurens, 1941; Hollaender, 1946). At the present state of knowledge a 
caution to avoid the frequent excessive exposure to artificial, and natural 
light seems, however, justified (Blum, 1941). 

The Photophthalmia. 

The action upon the eye of ultraviolet radiation is of great practi- 
cal importance. In principle it is similar to the photoerythema, i. e., 
dependent on a decomposition of cellular proteins. The effect is 
limited essentially to the cornea and conjunctiva. Depending on the 
dose, a latent period of several hours is followed by a more or less 
severe inflammation of cornea {keratitis) and conjunctiva (conjuncti- 
vitis) with photophobia, copious lacrimation and blepharospasm. The 
term photophthalmia (Parson) is used to describe the condition, 
otherwise known as ‘^snow blindness” and ‘‘flash burn” (cf. Scobee 
and Griffey, 1944). The condition is often extremely painful, with 
sticking pains and a very impleasant foreign body sensation, but the 
prognosis is favourable and the symptoms seldom last for more 
than a day or two. 

Radiation of wavelengths about 760 — 390 mjjL penetrates to the 
retina and is perceived as light. It is the lens of the eye which is 
chiefly responsible for stopping ultraviolet rays from reaching the 
retina. The absorption of the cornea begins at about 360 m(jL but it 
transmits dovm to 295 — 300 mp., and about the same is valid for 
the vitreous and aqueous humors. The absorption in the lens of 
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wavelengths between about 350 and 400 mjx excites a hazy bluish 
white fluorescence. Cataract formation by ultraviolet rays is now- 
disputed, and the opacities are probably due chiefly to the presence 
of the more penetrating infra-red rays in the hght sources. The 
aphakic eye is sensitive to wavelengths as short as 310 m[jL, the sen- 
sation being blue. The short-wave end of the radiation which can 
be transmitted to the retina is pushed toward longer wavelengths 
mth increasing age (see, e. g., Ellinger, 1941; Ellis, Wells, and 
Heyroth, 1941). According to Miescher (1931) the cornea and 
conjunctiva lack the ability of adaptation to the injurious ultra- 
violet radiation. The rate of mitoses in the cornea is found to be 
influenced by ultraviolet radiation and may be used as a sensitive 
indicator of the radiant effects (see Hollaekder, 1946). 

The action spectrum of photophthalmia is not yet well estabhshed. 
It was known long ago that the effect is chiefly due to wavelengths 
shorter than about 310 m(x. Recent investigations by Eischer, 
Vermeulen, and Eymers (1936) and Cogan and Kinsey (1946) 
will be discussed in the next chapter. 


The Antirachitic Effect. 

The discovery of the antirachitic effect of ultraviolet radiation, 
with its later extensions, may be regarded as Hie first actual experi- 
mental evidence of the importance of sunlight as a factor of bodily health 
in man. The stimulation of light research caused by this discovery 
is clearly demonstrated by the flood of papers which appeared 
subsequent to 1919 regarding the physiological effects of radiation, 
and particularly the relation of sunlight to rickets and the production 
of vitamin D in the skin (see Ellis, Wells, and Heyroth, 1941). 

The importance of sunhght for the etiology of rickets was first 
demonstrated by T. A. Palm in a paper &om 1890. He employed 
the method of geographic survey in the study and noted that the 
one factor common to all districts where rickets was unknown was 
sunlight. This view of the etiology is now completely established. 
Rickets is a disease caused primarily by lack of sunhght; it is a di- 
sease of sunless areas, of winter months; a disease caused by artifi- 
cial conditions which exclude sunhght, such as the massing together 
of the population in tenement houses and, in the East, of living in 
purdah (Luce-Clausen, 1938). 



27 


The clinical discovery of the therapeutic effect on rickets of irra- 
diation with the mercury-arc quartz lamp is usually credited to 
Huldschinsky (1919), although Buchholz apparently cured cases 
of human rickets with artificial light as early as in 1906. Hess and 
Unger, in 1921, cured rickets with sunlight and showed that light 
filtered through a window of ordinary glass was ineffective and that, 
therefore, only the ultraviolet portion of the solar spectrum was im-' 
portant. The next advance was the demonstration that the light 
acts by a chemical mechanism. Hess and Weinstock (1922) showed 
that a section of excised human skin after irradiation by a mercury 
arc when fed to rats, protected them from a deficient diet, although 
similar amounts of non-irradiated skin were ineffective. It was thus 
obvious that an antirachitic substance had been formed photoche- 
mically in the irradiated skin. In 1924 Steenbock and associates, 
and independently Hess, found that antirachitic potency could also 

be induced in foods by ultraviolet irradiation. The antirachitic ma- 
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terial, which was named vitamin D by McCollum in 1925, was found 
to belong to the sterol fraction of foodstuffs, and the provitamin 
was in 1927 identified with ergosterol or a hjqjothetical dehydro- 
cholesterol, present as an impurity in ordinary cholesterol and phy- 
tosterols. The provitamin present in the human skin has later been 
identified as 7-dehydrocholesterol. The vitamin D formed by the 
action of the ultraviolet rays on the skin is absorbed into the blood 
stream. Hume, Lucas, and Smith (1927) proved that a protective 
effect could be produced by rubbing irradiated ergosterol into the 
skin of rachitic rabbits. The amounts of radiation necessary for the 
cure of the same rabbits was found to be surprisingly small; an area 
of skin as small as 2.5 by 3.5 cm irradiated for only ten minutes three 
times a week was sufficient to produce a normal calcification. Ex- 
tensive studies on the antirachitic effect of artificial radiation 
with experimental animals were made by Schultzer (1927). Fur- 
ther investigations on the spectral and dosage dependency of the 
antirachitic effect of ultraviolet irradiation will be discussed in con- 
nection with the design of the ultraviolet-containing illumination 
system employed in the present investigation. 

The defimtely proved photochemical synthesis of vitamin D in 
the skin on irradiation with ultraviolet may be regarded as a direct 
effect of the radiation, while the effects induced by its absorption 
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into the blood lead over to indirect irradiation effects. There is no 
possibility of giving more than some fundamental data of different 
aspects of vitamin D and mineral metabolism in this survey; some 
of the problems will be dealt with more completely in other chapters. 

Rickets is a common disease of infants and young children. It involves 
primarily the grovdng bones and the teeth and consists chiefly in a failure of 
calcification of regions where calcium salts are normally deposited during the 
growth process. This is the result of an inadequate intestinal absorption of 
calcium and phosphorus present in the diet because of a deficiency of vitamin 
D in the body. When bodily stores of vitamin D are low, the calcium and phos- 
phorus of the foodstuffs are not absorbed but are lost in the faeces. The disease 
is usually accompanied by low values of either or both calcium and phosphorus 
in the blood serum, while the concentration of the enzyme alkaline phosphatase 
in the blood is increased. General signs of rickets are a catarrh of mucuous 
membranes, muscular weakness, increased nervous irritability and marked 
restlessness of the infant; it is however not sufficiently demonstrated that all of 
these symptoms are due to uncomplicated vitamin D deficiency (Clements, 
1946). In some instances, especially when the diet is low in calcium, marked 
hypocalcaemia occurs, with manifestatiorfs of tetany (infantile tetany, spasmo- 
philia). 

Modem reviews of the physiological and clinical aspects of mineral metabolism 
in relation to vitamin D are made by, among others, Shohl (1939), Rominger 
(1939), Greenberg (1939), Cohn, Cohn, and Atjb (1942), Clements (1946) and 
Bicknell and Prescott (1946). The favoured current h 5 q)othesis regarding 
the mode of action of vitamin D in the body seems to be that vitamin D primarily 
acts by increasing calcium absorption in the intestine but has no, or but slight, 
effect on either faecal phosphorus excretion or the absorption of phosphorus, 
(cf. Greenberg, 1939, 1945). But undoubtedly vitamin D exerts an action in 
the interior of the body also; it is well established that it increases the metabolic 
rate. The liberation of inorganic phosphorus from some organic phosphorus 
compounds seems to he promoted (RXihX et aL, 1937; Cohn and Greenberg, 
1939). It seems probable that vitamin D involves either directly or indirectly 
the parathyroid mechanism; the parathyroid glands are hypertrophied in rickets 
and infantile tetany (cf. Lichtwitz, 1942). A relationship seems reasonable 
since the latter affects the calcium and the phosphorus metabolism and the 
cellular mechanism concerned with the growth and destruction of hone. An 
irradiation product of vitamin D, the dihydrotachysterol, may he used as a 
substitute for the parathormone (A. T. 10, see Holtz, 1939). 

In a chemical sense the name vitamin D identifies a group of some 
ten sterol compounds, although of these only two have a practical 
importance. The two are alike in that they represent activated forms 
of naturally occurring sterols, the latter constituting the 'provita- 
mins of vitamin D. The first is ergosterol, derived from plant sources^ 
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■which upon activation becomes vitamin D 2 or calciferol by an inter- 
nal rearrangement of molecular structure. The second is 7-dehydro- 
cholesterol, a constituent of animal lipids, and is called -vitamin D 3 
when it undergoes a similar change. The activation is normally ef- 
fected by ultraviolet radiation of certain wavelengths; in the course 
of the reaction there is formed a series of compounds, one of which 
is the vitamin. Irradiation of sufficient intensity and duration may 
yield toxic substances (cf. p. 56). Cod liver oil, recommended for the 
cure of rickets by Trousseau in 1822, consists of at least six different 
forms of -vitamin D, the chief of these probably being the 7-dehydro- 
cholesterol form. The ergosterol form is known as -viosterol, ultranol, 
etc. The provitamin present in human skin is predominatly 7-de- 
hydrocholesterol, and the ammmt of provitamin in the skin is at 
least 10 and probably 100 times greater than the amount found in 
the inner parts of the body (see Kosenberg, 1945). 

The antirachitic 'principle, the vitamin D, is contained in only a feio 
foods in the diet of an average person, namely certain oily fishes and 
eggs. Muscle meat including the fat, fruit, cereal and vegetables 
contain none or at the most only -traces. The amount in miUc is neg- 
ligible. Liver and butter may contain a small amount but not enough 
to have any practical value. Summarizing it may be said that, al- 
though the diet may occasionally furnish appreciable amounts of 
vitamin D, most of the time it furnishes -virtually none; the only 
proper attitude is to regard the diet as being completely devoid of 
the -vitamin (Park, 1940). 

The prevalence of rickets is still high in many countries. Follis, 
Jackson, Eliot, and Park (1943) found by examination of bones 
from 230 American children between two and fourteen years of age, 
who died of intercurrent diseases, histological signs of rickets in 
about half of the material; roentgenologic symptoms were, however, 
found only in few cases. Dungal (1945) reports that 77 per cent of 
children of Reykjavik exhibit some sign of sustained rickets. In a 
broad investigation of the average health standard in northern Swe- 
den (Vasterbotten and Norrbotten) during the years 1929 — 1931 it 
was found that vitamin D deficiency was widely spread among the 
children (Odin, 1934), and rachitic changes of the teeth were com- 
mon (Westin, 1934). Clinical evidence of rickets in adults was, 
however, not found. Langeeldt (1938) reports that in the northern 
parts of Norway the supply of vitamin D seems to be secured by the 
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high content of fish in the diet. In Sweden the exemplary public 
organization of the prophylactic health control of children up to 
about 3 years of age has in the last decade considerably reduced the 
frequency of rickets, and, in fact, cases of rickets in infants are now 
seldom seen here. 


Systemic Effects. 

The systemic effects in the body of ultraviolet radiation are pri- 
marily regarded as results of the absorption of substances formed 
by the direct action on the skin, e. g. histamine, H-substance and 
vitamin D. The penetration of ultraviolet rays into the skin is only 
0.1 — 1 mm; the longer wavelengths may affect the minute superfi- 
cial blood vessels directly, some of which are situated at a depth of 
only 0.3 mm (see Laubens, 1935; Ellinger, 1941). Eeflexogenic 
impulses from the skin may be elicited by erythema-effective ex- 
posures (v. Keis and Sjostrand, 1938). 

The numerous systemic effects associated with exposure to ra- 
diation that produces sunburn are difficult to grasp and reduce 
to brief fundamentals. Sometimes the experimental results are ex- 
tremely contradictory, which may be due to the fact that some ob- 
servations have been made on sick, and others on healthy people, 
and the utilization of different light sources and different dosages 
has added to the confusion. 

Among the effects of ultraviolet radiation on circulation the de- 
crease of hlooA 'pressure is regarded as the most important. In healthy 
persons, however, the fall of systolic pressure is only about 6 mm and 
of diastolic pressure 8 mm of Hg (Johnson, Pollock, Mayerson, and 
Laurens, 1936), and only erythema-effective exposures are active. 
Carbon arc irradiation is found to be more effective than mercury 
arc irradiation, which is probably due to the deeper penetration of 
the longer wavelengths present in the former radiation. The fall of 
blood pressure is accompanied by an increase of cardiac output and 
minute volume, which lasts for several days after a single erythema 
exposure. The pulse may become fuller and stronger during and 
following a course of irradiations, correlated with increased minute 
volume. The effect is interpreted as the result of the spreading of 
vasodilating substances in the body (see Laurens, 1935, 1938). 
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The effects of radiation on the Wood picture and haemoglobin level 
have been a subject for many contradictory reports (see, e. g., Ellis, 
Wells, and Heykoth, 1941). One reason for the variations in the 
results of different observers may be that the primary effect of ery- 
thema-active exposures is a vasodilatation followed by a diffusion 
of tissue fluid into the blood stream, resulting in dilution and in- 
creased blood volume (see Mayerson, 1935). Another reason may 
be that the first effect induced is a haemolysis; it is shown that the 
excretion of urobilin and stercobilin increases after irradiation (Tep- 
Lov and Mesheristkaya, 1933; Kasatkin and Bogdanova, 1935). 
The haemolysis may stimulate to improved regeneration, but if re- 
generation does not occur the result will be decreased haemoglobin 
concentration and red blood cell count; such effects are also des- 
cribed. 

The results obtained on irradiation of men and experimental ani- 
mals with artificial sources (carbon and quartz mercury arcs) in- 
dicate very httle effect on the red blood cell count and haemoglobin 
content when these levels are normal at the be^nning of the investi- 
gations (Mayerson, 1935; see also Laurens, 1941). Strong, or long 
continued, irradiation of individuals with low initial levels results 
in most cases in a slight rise, seldom averaging more than 10 per 
cent, in the erythrocyte count, and a concomitant but smaller in- 
crease in haemoglobin which is maintained for a longer or shorter 
time after the irradiation is discontinued. The effect is limited and 
not specific and far less efficient than dietetic and drug treatment 
(cf. Handbook of Physical Medicine, 1945). 

Long continued darkness produces no marked effect as long as 
the diet is satisfactory (Laurens, 1938). “Anaemic” looking people 
in poorly lighted rooms, or in polar regions, etc., in spite of their pal- 
lor, often have a surprisingly high haemoglobin content (Mayerson, 
1935). Studies made on men on polar expeditions have failed to show 
specific effects of the long polar night. The seasonal variation of 
the haemoglobin content, with the highest values in summer, first 
reported by Finsen in 1894, seems to be less pronounced now (cf. 
Andersen and Normann, 1948). It seems probable that other fac- 
tors, nutritional or otherwise, are responsible for this variation, 
rather than the lack of radiation (cf. p. 115). 

On the other hand, Hght undoubtedly exercises some effect on 
t e blood ‘picture. An increase of the reticulocyte count following 
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artificial irradiation and also appearing in spring has been frequently 
described, as well as a spring eosinopbilia (see de Rudder, 1938). 
Leukocytosis, and particularly lymphocytosis, results from moderate 
irradiation but markedly low values in the white blood cell counts 
may follow excessive exposures (Mayerson, 1935; cf. Heinild, 1944), 
The results seem consistent in demonstrating a definite and sus- 
tained rise in the number of thrombocytes in man and animals on 
ultraviolet irradiation (Mayerson, 1935; cf. Ellinger, 1941). 

The influence of ultraviolet radiation on metabolism offers a 
field containing a great number of observations. When the effects 
on the mineral metabolism directly or indirectly dependent on the 
formation of vitamin D are excluded, only a few observations may 
be regarded as significant. 

An intensified protein breakdown is reported with increased nitro- 
gen, sulphur and phosphorus excretion, which is considered to be 
a sign of the cell destruction indicated by the erythema (see Bllin- 
GER, 1941). Both artificial and natural solar radiation causes a 
lowering of the blood sugar in normal men and especially in diabe- 
tics; the action is said to be similar to that of insulin inasmuch as 
the glycogen content of the liver and muscle increases (see Laurens, 
1941; Ellinger, 1941). The fat and cholesterol content in blood 
may increase (see Laurens, 1938). 

Lehmann and SzakIll (1932 a) made an extensive study of the 
influence of ultraviolet irradiation on the work and rest metabolism 
and the working capacity of a group of men. Brief intense irradiation, 
producing an erythema, was found to lead to an increase in metabo- 
lic rate lasting for as long as 22 hours. Repeated irradiation pro- 
duced a diminution of between 10 to 15 per cent in basal rate, 
demonstrable for 3 to 4 weeks after the last irradiation. There 
was a parallel increase of the respiratory quotient, which rose from 
0.75—0.85 to more than 1.0. This signifies that a preferential com- 
bustion of carbohydrates follows the irradiation (cf. above). The 
effect on respiration was to make it easier, slower and deeper, and 
the pulse rate was decreased. These effects on the rest metabohsm 
are apparently reminiscent of the effects normally occurring during 
a course of physical training. A marked improvement of the working 
metabolism was also found following the series of irradiations; the 
maximal working capacity was increased, the mechanical efficiency 
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markedly improved (up to 60 per cent) and the pulse rate was lowe- 
red and returned more rapidly to normal level after exercise. In a 
later series of the investigation, a group of men was irradiated in the 
same way but with the radiation filtered through ordinary window 
glass. None of the effects described above were then obtained; hence, 
the effects may not be ascribed to psychological influences, and only 
ultraviolet radiation of wavelengths below 320 m(x is effective (Leh- 
mann and SzakAll, 1932 b). 

The improvement of physical fitness indicated by these studies 
following on ultraviolet irradiation has been supported by later in- 
vestigations. Moschkowskv (1936) found that the run of 11 km in 
one hour was performed with less ventilation and oxygen consump- 
tion even after the first ultraviolet irradiation; the effect lasted for 
about 10 days and was also produced after irradiation of only the 
face and shoulders. Parade and Otto (1939) found that the accu- 
mulation of lactic acid in the blood during work was considerably 
decreased after irradiation; they ascribe the effect to the activation 
of vitamin D which is assumed to act by means of the adrenal cortex. 
Lehmann and SzakAll (1941), in a repeated study, confirmed their 
previous results by employing different fitness tests, one of which 
has been applied in the present investigation also (see Chap. 11). 
They found no effect of irradiation exposures below the erythema 
threshold and ascribe the effect of radiation as due to erythema sub- 
stances liberated from the skin. Pinally, Allen and Cureton (1945) 
studied motor and cardiovascular fitness in two groups of college 
freshmen, one of which received regular doses of ultraviolet irradia- 
tion. Both groups were given regular physical training. Muscle en- 
durance tests, the Schneider test and the Schneider index rating 
were used for the comparison, and the experimental group showed 
significantly higher standard score gains than the control group in 
all the tests. 

The influence of radiation on growth is a problem, in which re- 
latively httle well controlled work has been done on man. Studies 
on lower animals have, as a general rule, shown that radiation has 
only a neghgible influence on the growth and development of mam- 
mals fed with adequate and complete diets. All results are consistent 
in showing that rats reared on an optimal diet grow as well in dark- 
ness as in well-lighted rooms, and that irradiation with the quartz 
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mercury arc lias no demonstrable effect unless massive exposures 
are used, in wbicb case there may be an inhibition of growth (see 
Mayerson, 1935). 

Nylin (1929) studied the growth of a large number of Swedish 
pre-school and school children and found periodic variations during 
the year. The height increase was pronounced during the summer 
and showed two maxima; a marked maximum during March and 
April and a smaller but distinct maximum during November and 
December. The minimum height increases occurred during Septem- 
ber and October and January and February. In general, weight in- 
crease varied inversely with height increase. Two groups of 25 boys 
each were irradiated at different times in winter for periods of two 
months or more with quartz mercury arcs supplemented with “Sol- 
lux” lamps for providing long- wave radiation. The average increases 
in height of the irradiated groups were found significantly greater 
than those of the controls. Nylin attempts to correlate the periodi- 
cities in growth with the known seasonal variations in ultraviolet 
radiation, but it proved difficult on this basis to account for the 
distinct maximum in December. 

Regarding, at least, the effect of ultraviolet radiation on resistance 
to infection a survey of the literature reveals the most contradic- 
tory opinions. Claims are persistently made for such an effect by 
manufactures as well as bj' members of the medical profession, in 
spite of, most of the well controlled investigations definitely showing no 
effect at all. The same is the case for vitamin D treatment (see 
Schneider, 1946). Colebrook (1929, 1946), commissioned by the 
British Medical Research Council, has made two authoritative 
large-scale investigations on artificial sunlight treatment, the first 
one (1929) dealing with irradiation of school children and the other 
(1946) with industrial and office workers (for a review of the htera- 
ture see Colebrook, 1946). Besides the irradiated group and the 
control group there has also been in both trials a group receiving 
only the ultraviolet rays transmitted by ordinary window glass, i. e., 
with wavelengths below about 320 mp. screened off. In the school- 
children investigation, each of the three groups consisted of 100 
children, and the irradiation was applied with quartz mercury arcs 
during the period September — March. Full erythema doses were 
given 3 times a week. There was no significant influence of the rrra- 
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diation on either the weight and height increases, the incidence and 
duration of colds or other diseases, or on the progress of school works. 
Hill and Laurie (1931) repeated her investigation, using 400 child- 
ren between 9 and 12 years of age, divided into four groups, the one 
of which was given 2 exposures to the carbon arc weekly with doses 
only one tenth of those employed by Colebrook. By means of spe- 
cial clinical points, referring to weight, tonsils, conjunctiva, appetite, 
sleep, colds, etc., they demonstrated a definite favourable influence 
of the irradiation. They attributed the negative findings of Cole- 
brook to “over-irradiation” of the children. An American investi-. 
gation in the same years on 179 students failed completely, to show 
any favourable effect in diminishing the annual number of colds 
(Doull, Hardy, Clark, and Herman, 1931). The recent trial of 
Colebrook (1946) comprised 3,000 office, factory, and colliery wor- 
kers in three communities. One group received the full range of 
ultraviolet radiation from quartz mercury-arc lamps, given as mi- 
nimum perceptible erythema doses, while another group received 
irradiation with the shorter ultraviolet rays screened off; a control 
group received no treatment at all. The results of the experiment, 
covering most of the winter months, give no evidence of artificial 
sunlight treatment being effective in reducing the incidence of sick- 
ness and accident. KovAcs (1947), in a discussion of these negative 
results, attributes them to “the fact that the minimum perceptible 
erythema dose is insufficient to produce therapeutic results”, and 
recommends the use of higher dosages. 


CHAPTER 3. 

Hygienic Applications of Ultraviolet Radiation. 

The therapeutic use of ultraviolet radiation was scientifically 
founded by Niels R. Einsen in Denmark at the turn of the century, 
and was developed by, among others, Bernhard and Rollieb in 
Switzerland and Sir Henry Gauvain in England. The hygienib 
applications of ultraviolet energy, on the other hand, arose from the 
discovery of its antirachitic properties and the relation to vitamin 
D, made in the nineteen-twenties (Huldschinsky, Hess, Steen- 
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BOCK, and others). An overwhelming interest developed, culmina- 
ting in the nineteen-thirties. In recent years interest has again been 
focussed on the hygienic aspects of ultraviolet radiation and now 
mainly on its bactericidal properties. The pioneer of this special 
application of ultraviolet energy has been W. F. Wells in the 
U. S. A. 


Ultraviolet Radiation for Interiors. 

The first trend in the early period was to utilize the daylight and 
sunlight content of ultraviolet energy also in the illumination of 
interiors. It was well-known that ordinary window glass is almost 
completely opaque to the antirachitic wavelengths, and in 1926 the 
first ultraviolet-transmitting glass manufactured on a large scale ap- 
peared on the market in England (“Vitaglass”) and was followed 
by a number of other such glasses, (see Ellis, Wells, and Heyeoth, 
1941). A simple and practical window for transmitting ultraviolet 
rays may be obtained by using cellophane (Pfund, 1928). The in- 
effectivity of such arrangements for general use was, however, soon 
made apparent; there is comparatively little of the valuable ultra- 
violet in the sunlight during the winter months, and the fraction of 
daylight entering a room through an ordinary sized window is very 
small (Clark, 1928; Kollath, 1929). Clark estimated that a person 
would receive as much ultraviolet radiation in two minutes in direct 
sunlight at noon “when out for luneh”, as in an entire day at 5 me- 
ters behind a window of ultraviolet-transmitting glass exposed to 
the north sky. In special cases, as for balconies or sky-lighted rest 
rooms, ultraviolet-transmitting glass may, however, be of some 
value. The ultraviolet transmission of these glasses decreases con- 
siderably during use (see Koch and Widmark, 1928). 
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siderablv durins use (see Koch and Widmark, 1928). 

tions was the proposal to utilize artificial ultraviolet sources for the 

general illumination of interiors (Luckiesh, 1930). Special sources 

were developed for this “dual-purpose lighting” at the General 

Electric, U. S. A. (the S-1 and S-2 sim-lamps, and others, see p. 

17). Fimdamental design data were presented regarding equipment 

to control the distribution of ultraviolet, and recommendations 

were made regairding the installation of such equipment for various 

classes of interiors (Porter, Egeler, and Sturrock, 1932). The 

ultraviolet lamp was usually placed in eeihng refleetors giving di- 



37 


rect radiation, while the incandescent lamps used to produce illu- 
mination were equipped with indirect or semi-indirect units. Oday 
and Porter (1933) describe a number of such installations in diffe- 
rent localities, as offices, hospitals, swimming pools, and other pub- 
lic rooms. Fixtures were arranged for the continuous burning of 
both sources at one time, or so that the ultraviolet or general illumi- 
nation sources could be used separately. The indirect distribution 
of ultraviolet radiation by means of ultraviolet-reflecting paints on 
the ceilings was suggested as promising. It was recommended to 
choose the ultraviolet sources so that only very mild irradiation was 
produced when combined with the general illumination. The ery- 
themal response was the basis for the design, and about 1/lOth of the 
erythema dosage was recommended as a suitable daily exposure. 

The Ultraviolet Committee (No. 41) of the International Commis- 
sion on Illumination has presented an extensive discussion on those 
exigencies which should be met by an ‘ultraviolet illumination’ 
(I. C. I., 1937, 1942), and frequent references will be given to their 
reports and reviews in later chapters. The present state of the tech- 
nical features of producing artificial sunlight is reviewed by Kreeet 
(1942 a) and Luckiesh (1946). The best practice at the present time 
would be a lighting installation of fluorescent lamps supplemented 
with mercury-arc sun-lamps (Luckiesh), but most recent reports 
seem promising for the use of fluorescent “sun-tan lamps” (Clapp 
and Ginther, 1947). No experimental data, however, have appea- 
red regarding the possible hygienic and physiological value for man 
of such installations for ultraviolet illumination. 

The common sources for general illuminalion of interiors only radiate small 
intensities in the ultraviolet spectral range. An ordinary illumination by 
incandescent lamps, even with bare lamps, cannot prevent rickets in rats fed on 
rachitogenic diet, while a moderate level of illumination from bare mercury 
lamps for artificial lighting, with bulbs of ordinary glass, exerts a slight pro- 
tecting and healing effect. This effect is completely spoiled if the lamps are 
placed in usual globes of opal glass (Ronge, 1945). Some types of fluores- 
cent lamps have been sho'wn to increase the calcification of the bones of 
chickens (Willegroth and IkuTz, 1944, see Fritz, 1945). A comparison 
between the radiant energy from fluorescent lamps and the radiant energy 
in sunlight and skylight is recently given by' Luckiesh and Taylor (1945). 

Morikofer (1931) has made a detailed investigation on the permeability of 
various clothing materials to ultraviolet rays. The whipcord fabrics chiefly used 
for men s clothing are practically impermeable to ultraviolet radiation, while 
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materials such as cotton voile, silk stockings and cotton stockings may transmit 
18 — 40 per cent. It is demonstrated that the weave (pore-size) is more important 
for ultraviolet permeability than the absorption of rays by the fibres. 


Artificial Sunlight Treatments. 

The collective irradiation of industrial and office workers, miners, 
school children, etc., is the conunon form for the administration of 
artificial sunlight treatment on a public scale. There are usually no 
special difficulties to arrange such treatment even for large numbers 
of people; the common arrangement in industries is by means of 
special irradiation chambers, “solaria”, connected with washrooms 
or other sanitary facilities of the plant (see, e. g., Meyer and Seitz, 
1942). Further attention to the general hygienic potentialities of 
such treatments has been stimulated by the increased use of artifi- 
cial lighting in workplaces and the black-out conditions during the 
war years. 

The main interest for both the medical profession and the general 
public is the possibility of 'promoting and maintaining health by means 
of such treatments. In spite of the numbers of trials and inquiries 
made on this basic problem it is at present difficult to give an 
impartial judgement in the case; this may indicate that the possible 
benefits are not very pronounced and clear cut. There are at least 
two reasons which have made the scientific interpretation of the 
results so dubious. The first refers to the influences of psychological 
.factors; the treatment is well-known to the public and enjoys a 
widespread reputation, resting on claims of both subjective and ob- 
jective benefits. Both the investigator and the subjects may be pre- 
judiced either for or against it, which may influence the interpre- 
tation. The second reason is obviously the inherent difficulties in 
obtaining an objective measure of health-improvement in an ordi- 
nary “healthy” population. Different attempts may be made to 
this end. The continuous record of the incidence and duration of 
illness, primarily colds, has been the most common method. Another 
estimate may be obtained by questionnaires on the subjective opin- 
ions of the effects of the treatment. A third measure of “health- 
improvement” may be attained by the apphcation of special physio- 
logical or psychological tests which are likely to be related in some 
way with a good physical and mental condition. 
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In the light of these considerations the present state of the situa- 
tion may be interpreted in the following way. The results regarding 
an effect on the incidence and duration of illness {colds) seem highly 
contradictory, but a critical review indicates very little evidence 
that these benefits really are produced by irradiation (Colebrook, 
1946); anyhow, it seems to be very difficult to find the form of ad- 
ministration which will guarantee a favourable effect in this respect 
(cf. p. 35). 

The opinion of the subjects themselves regarding the effects of the 
irradiation has been consistently in favour of the treatment; the 
recent trial of Colebrook showed that all the subjects enjoyed the 
treatment, and about one third of the volunteers who remained to 
the end of the course felt better, a few much better. The favourable 
impressions were in all trials prevalent among the good attenders 
of the course. A noticeable observation was that the subjective 
opinions did not differ appreciably as between the unscreened and 
screened lamp groups, i. e., there was no evidence of a specific effect 
of wavelengths below about 320 mp,. The prejudice of the subject 
may. of course be a dominant factor for his opinion of the treatment, 
but some value must however be placed on it. The use of the treat- 
ment might be justified on account of subjective effects alone (Co- 
LEBROOK, 1946). 

The third method stated above for approaching an objective mea- 
sure on a general health-improvement, namely by means of special 
physiological and psychological tests on physical and mental condi- 
tion, has not yet been applied to any great extent. The experiments 
of Lehmann and SzakAll (1932, 1944) on the effect of irradiation 
on working metabolism and capacity, supported by all subsequent 
investigators (see p. 33), may be referred to this category of tests. 
It seems conclusively proved that ultraviolet irradiation produces a 
metabohc effect in the body which appears to be similar to that pro- 
duced by physical training, and is followed also by an objectively 
estimable improvement of physical fitness. It seems likely that the 
“tonic” properties generally ascribed to both natural and artificial 
sunhght treatments to some degree can be explained by this metabo- 
lic effect of the ultraviolet rays. Further experiments on this line 
seem to be a promising method of studying the general radiation 
effects on man. 

It must be pointed out, however, that the artificial sunlight treat- 
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ment is only a poor substitute for natural sunbathing; the latter 
includes not merely a question of radiation, but of radiation, fresh 
air, wind, temperature, humidity, etc., and it is most often connec- 
ted with pleasant and enjoying activities as water bathing and work 
and play in a minimum of clothing. The action of these factors in 
the production of benefits from an out-of-door life may not be dis- 
regarded. Sunlight is only one of the many environmental factors 
that affect vitahty. 


Disinfection by Ultraviolet Radiation. 

The discovery of the lethal effect on bacteria of radiation, made 
in 1877 by Downes and Blunt, first called attention to the impor- 
tance of radiation in biology (see Clakk, 1939). Much information 
was collected on this effect during the early history of photobiology 
(see AVinterstein, 1931; Ellis, Wells, and Heyroth, 1941), among 
which may be mentioned the observation of S. Bang, made in Fin- 
sen’s laboratory 1905, that the bactericidal effect increases sharply 
as the wavelengths employed are decreased. 

The important relation of bactericidal effect to the exposure to 
different wavelengths was later carefully studied by, among others. 
Gates (1929). The action spectrum obtained in this work shows a 
maximum around 265 m(x, while the effect at wavelengths above 
300 mp. was comparatively small. The reciprocity law was found to 
hold over a fairly wide range from a fraction of a second to several 
minutes exposure. The deviations occurring are most marked with 
young organisms, metabolically and genetically active. Practically 
all investigators who have determined the wavelength dependence 
curves for the killing of bacteria have found them to be more or less 
ol the same shape. The sensitivity of bacteria is decreasing from the 
maximum at 265 mp, to a mimmum around 230 mp., beyond which 
it rises again. The energy necessary to kill bacteria at longer wave- 
lengths, e. g.j '365 mp,, is 1,000 to 10,000 times the energy necessary 
at the wavelength 265 mp,. Some bactericidal effect is produced also by 
visible radiation (see Hollaender, 1942, 1946; Buchbinder, 1942). 
influenza virus is found to have, about the same sensitivity curve as 
bacteria, while other viruses show a steadily increasing sensitivity 
toward shorter wavelengths (Hollaender and Olipbant, 1944). 
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It is only in comparatively recent times that attempts liave been 
made to utilize the bactericidal properties of ultraviolet radiation 
for the practical sterilization of foods, drugs, water and air. Among 
these applications the air disinfection has proved to be effective in 
reducing air-borne spread of disease, while the method has definite 
limitations for most of the other purposes; it is mainly restricted to 
surface sterilization of foods and sterilization Pf certain pharma- 
ceutical preparations. 

The importance of air as a vehicle for the spread of infectious 
agents, conceived a long time ago, was proved by W. F. Wells in 
1933 (see Wells and Wells, 1936, 1942), The new hypothesis 
developed on ”air-borne infection” postulates that the greatest 
spread of respiratory infections is produced by small dried droplets 
floating in the air for relatively long times and distances, or by 
the resuspension of dried droplets in air after they have settled to 
surfaces such as floors, clothing, and bed clothes (see Moulton, 
1942). These “droplet nuclei” constitute the dried residues of 
infected droplets formed in the liquid spray from coughs and 
sneezes. The vulnerability of these air-borne microorganisms to 
ultraviolet radiation was offered as a basis for sanitary control of 
air-bome infections by W. F. Wells in 1935 (see Wells, Wells, 
and Wilder, 1942). The low-pressure mercury arc generates pri- 
marily ultraviolet radiation of the wavelength 263.7 m[jL (see p. 18), 
which is in close agreement with the maximum of sensitivity of 
bacteria. Enclosed in tubes or bulbs of clear ultraviolettransmitting 
glass it is an effective source for the radiant air-disinfection (see 
Council on Physical Medicine, U. S. A., 1943; Coblentz, 1945 a). 

The general principle for the installation and operation of these 
bactericidal lamps for air-disinfection is the irradiation of the air 
above eye-level in the room. The intensity in the occupied zone of 
the room must be very small owing to the strong photophthalmia 
and erythema effectivity of this short-wave ultraviolet radiation. 
By suitable selection and installation of bactericidal fixtures the 
irradiated stratum of. the air can be almost completely sterilized, 
and the local interchange of air between the upper and lower levels 
may provide a “sanitary ventilation” in the occupied zone with a 
reduction of the concentration of bacteria. 

The early experiences regarding the efficiency of radiant air-dis- 
infection in preventing the spread of respiratory diseases in different 
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localities, as hospital wards, children’s hospitals, schools, etc., are 
collected in the volume Aerobiology, published by Moulton (1942), 
together with a number of basic papers in the field. Kecent ex- 
periences are briefly reviewed by Hollaender (1946). It seems 
proved that upper-air irradiation with high intensity bactericidal 
lamps is of definite value in reducing the incidence of respiratory ill- 
ness in certain localities; in a well controlled experiment carried out 
in a naval training centre with irradiation in the barracks the reduc- 
tion of respiratory infections was estimated to be 25 per cent (Whee- 
ler et al., 1945). It seems probable that this method of sanitary im- 
provement will find many suitable applications. 


Conclusions for the Present Investigation. 

The survey given in previous chapters of the biological effects 
and hygienic applications of ultravicdet radiation indicates that a 
general, low-intensity ultraviolet irradiation of occupied rooms may 
possess hygienic potentialities both with respect to direct action 
on the occupants and bactericidal action on the air and surfaces of 
the room. Such an irradiation, connected with the artificial illumi- 
nation system, was to be employed in the present investigation. 

The general plaiming involves two features, in the first place, the 
basic design and technical arrangement of the ultraviolet-illumination 
system, and in the second place studies on the physiological and hy- 
gienic effects of this kind of illumination. A comparison between 
the artificially produced radiation climate in the experimental rooms 
and the natural outdoor radiation climate at different seasons and 
latitudes forms an intermediate section of the investigation. 

Among the direct effects upon the occupants it is primarily the 
possible influences on the mineral metabolism and the physical fit- 
ness which are of interest. For both of these functions of the body 
ultraviolet radiation is proved to be a potential factor; to what ex- 
tent it is an essential factor is not yet established. This may be eva- 
luated by studying the influence of natural ultraviolet radiation as 
it is manifested by seasonal variations, and by studying the influence 
of an artificial supply of radiation during seasons when the natural 
supply is reduced. 

The hygienic potentiality with respect to the bactericidal effect 
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of ultraviolet radiation may be studied by the reduction of bacterial 
density produced by the irradiation, and by the reduction of respira- 
tory, air-borne infections which may result from this. 

The extent to which these conclusions are justified may be gath- 
ered from the results of the present investigation as given in follow- 
ing chapters. 



II. 


The TJV- IlluTnincLtioTi System, 


CHAPTER 4. 

Dosimetric Principles and Basic Design. 

For the design of an illumination system with the dual purpose of 
providing visual illumination and ultraviolet irradiation the proto- 
type given a 'priori is of course the natural daylight. It is, however, 
of fundamental importance to realize the great difference between 
the ways visible radiation and ultraviolet radiation act on human 
beings. The visual effect, i. e., the seeing, is primarily related to the 
intensity of light, but in such a planner that common visual tasks 
can be performed at much lower intensities than those prevalent in 
average outdoor daylight. One of the reasons is that the response 
of the eye to visual stimulation is — according to the law of Weber 
— approximately proportional to the logarithmic increase, or de- 
crease, of the intensity; a depletion of the illumination from 100,000 
lux: in sunshine to 10,000 lux in shadow is not perceived to be greater 
than from 1,000 lux in indoor daylight to 100 lux in indoor artificial 
light, in spite of the differences being in the first case 90,000 lux and 
in the second case 900 lux. To this logarithmic response the great 
power of adaptation of the retina is further added. The ultraviolet 
irradiation effects, on the other hand, are all of slow photochemical 
origin and then — according to the law of Bunsen and Roscoe — 
the amount of radiation, i. e., the dosage, is the factor deter min ing 
the biological effect. A time factor is entering, as dosage equals the 
product of intensity and time of exposure; the surface area exposed 
may also sometimes be taken into account. 

A consequence of this is that an approvable artificial radiation 
climate must not necessarily contain as much visible light as day- 
light in order to give satisfactory seeing conditions, but it must con- 
tain exactly the same ultraviolet intensity in order to give the same 
photobiological effects in the same time. A similarity 'with sun- 
light with regard to the relative spectral proportions of ultraviolet 



45 


and visible radiation may not be pursued, as the two components act 
according to different laws. The average, total sky light is in these 
respects a better prototype, as the ultraviolet intensity at least is 
as high as in direct simlight, the light intensity however being only 
about 1/lOth of that of sunshine (see Chap. 8). 

The design of the illumination component of the system has thus 
only to be concerned with the intensity of light with respect to the 
visual tasks to be performed, and with some respect to the colour of 
the resultant light, while the irradiation design must include the do- 
sage of radiation on the occupants with respect to a number of dif- 
ferent biological responses. From this latter dosimetric point of 
view it is suitable to separate, at first, the following three direct 
effects of ultraviolet radiation on man: 

the erythema and pigmentation of the skin, 

the inflammation of the eornea, {photophthalmia), and 

the antirachitic effect. 

To these effects on the occupants an environmental effect of possible 
hygienic importance must be added: 

the bactericidal effect,. 

The purpose of the design is to evaluate the spectral composition 
and the irradiation intensity of the ultraviolet component, which 
produces the effects desired but eliminates any harmful effect. To 
the first category must be referred, in the first place, the antirachi- 
tic effect on the occupants and the bactericidal effect on the environ- 
ment, especially the air. A moderate erythemal and tanning effect 
of the illumination may also be considered of some value, but with 
regard to the small skin area exposed much systemic effect in the 
body is not to be expected from this. The harmful effect to be pri- 
marily avoided in the illumination is obviously the eye-irritation 
(photophthalmia), and the use of protecting eye-glasses may be out 
of question. 

The experiments on the possible physiologieal and hygienic effects 
of such an ultraviolet-containing illumination {TJY -illumination) were 
planned to be carried out on school children with the irradiation applied 
during their stay in the school. The classrooms were thus the localities 
which should be provided with the UV-illumination system. The 
time-table of the classes selected was almost constant for all days 
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and the stay of the children in the classrooms could reach about 5 
hours. Artificial illumination was needed for at least 2 — 3 hours of 
the ordinary school day during the darkest winter months. Erom 
the experimental point of view it was considered suitable to apply 
th& daily uliraviolet exposure as high as possible, the upper limits pri- 
marily consisting of the photophthalmia and the photoerythema. 
This was the actual basis for the dosimetric design, and the proce- 
dure employed to lead from this to the choice of a suitable source 
for the UV-illumination will be described below. 


The Evaluation of Effective Radiation. 

Different parts of the ultraviolet spectrum vary with regard to 
their efficiencies for producing the photobiological effects stated 
above. This wavelength dependence is expressed by the action spect- 
rum of the response, and it corresponds, in the main, to the absorp- 
tion spectrum of the substance responsible for the effect (law of 
Grotthus and Draper). The degree of response is ultimately de- 
termined by the amount of active radiation absorbed during the ex- 
posure and then depends on the spectral intensities of the radiation 
and the time of the exposure. The best measure of the potential 
power which a given radiation possesses for producing a biological 
effect is obtained by multiplying, for each wavelength, the spectral 
intensity with the corresponding efficiency factor. The sum of 
these weighted spectral intensities gives the measure of the power 
expressed as the equivalent intensity of the reference wavelength, 
i. e,, the wavelength of unit efficiency. This fundamental procedure 
to obtain a numerical measure on biologically-effective radiation 
may be summarized in the formula 

^ = f 

h 

where 

E = the obtained, weighted intensity, 

= the intensity and F;. — the efficiency factor of the wave- 
length A, and 

Ai and Ag = the wavelength limits of the action spectrum. 

The principle is further illustrated in fig. 3. 



47 



■ *.1 . ■ ■ — I 

Wavohngih C A; — * 


Fig. 3. Tho principle of evaluating radiant energy in terms of weighted units. 


The physiological radiation units obtained in this way correspond 
in principle to the common uiiits for visible radiation, i. e., lumen as 
the measure of luminous flux, and lux^ as the measure of luminous 
intensity. The action spectrum is in this case the spectral lumino- 
sity function of the eye, with the reference •wavelength 555 mjx (see 
fig, 1). By means of the mechanical equivalent of light, equal to 650 
lumen/watt, a given luminous flux may be transformed into the 
equivalent flux of homogeneous radiation of the wavelength 555 m[i., 
measured in physical (absolute) units. In designing an irradiation 
system like the present one it is as suitable, or necessary to use 
such weighted- physiological radiation units as it is to use lumen and 
lux in designing illumination systems. 

The basic supposition for obtaining reliable measures of the bio- 
logical effectmty of a radiation by such weighted units is obviously 
an exact knowledge of the action spectra. In this respect the best 


‘ 1 foot-candle = 10.76 lux. 
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known is tke tkresliold erytliemal response of untanned human 
sldn, and for the antirachitic effect as well as the germicidal effect 
the data available permit at least a rough estimate of the spectral 
efficiencies. Less known, unfortunately, is the spectral response 
curve of the photo-inflammation of the eye. A detailed account of 
the data will be given below, but first the units and terms employed 
must be described. 


The Units and Terms Employed. 

A general proposal of a nomenclature and standards for biologically effective 
radiation was given by Luckiesh and Holladay (1931 b, 1933), who introduced 
the term vxion for radiation spectrally weighted by the respective efficiency 
factors of each wavelength (cf. Luckiesh, 1946). The erythemal viton (E- 
viton) has been standardized by the Illuminating Engineering Society, U. S. A. 
{1933, 1935), as a term and also as a quantity equal to 10 jjlW of eiytbemal 
flux, i. e., 10 [xW of radiation after being erythemally weighted and, conse- 
quently, is equivalent to 10 p.W of er 5 rthemal energy of the wavelength of maxi- 
mal erythemal effectivity (296.7 mfi.). The corresponding unit for erythemal 
flux density (intensity) is the Finserij defined, as one viton per cm^. This system 
is, however, not generally adopted and many objections have been raised 
(SoHTJLZE, 1935; I. C. I., 1937, 1942). The Council on Physical Medicine, 
U. S. A., (see Coblentz, 1945), has adopted the term Erythemal Unit (E. U.) 
of dosage intensity, equal to 10 fxW/cm^ of homogeneous radiation of the 
wavelength 296.7 mpi. 

For germicidal energy Luckiesh (1946) proposes a unit 6-viton as being 
equivalent to one mW or [xW of radiant power of maximal germicidal effectivity 
(stated by him to be 253.7 m|x), and a Germicidal Unit (G. U.) of exposure 
as being equivalent in germicidal effectivity to one microwatt of the wavelength 
253.7 m{x incident upon a projected area of one cm^ for a period of one minute. 

A consistent application of the idea of introducing special units as 
exemplified above for all the different ultraviolet irradiation effects 
would obviously lead to a rather complicated system. It should he 
emphasized that there are two different questions to be distinguished 
in the formulation of such biological radiation units: the one is to 
have a term for the biologically-weighted radiation, the other is 
to standardize a unit for it — with respect to both radiant flux, 
radiant intensity and radiant dosage. Considering the great num- 
ber of different irradiation effects, each with quite different ac- 
tion spectra and threshold dosages, it seems reasonable to restrict 
the new definitions required to a term for the weighted radiation 
only, and not to standardize any speoial units for the amount of such 
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radiation. The quantitative data are more clearly expressed in ordi- 
nary physical units, conveniently watts or decimals of watts, and 
the dimension immediately gives the meaning of the datum. Thus, 
for instance, radiant flux must always be given in watts (or decimals 
thereof), radiant intensity in watts per unit area, radiant dosage in 
watt-seconds or watt-seconds per unit area (the latter giving the 
intensity of the exposure). 

In the present study the terms necessary for expressing radiant 
energy weighted- by an action spectrum are replaced by brief symbols, 
as, for instance, UVE for erythemally- weighted radiation and UVG 
for germicidally-weighted radiation. Erythemal flux is expressed 
hy, e. g., mW of UVE, erythemal dosage by mWsec/cm^ of UVE 
and so on. This system of nomenclature is related to the classifica- 
tion of the ultraviolet spectrum once proposed by Coblentz, by 
which the spectral range 400 — 315 m[i is termed UVA, the range 
315 — ^280 m[i UVB and the range below 280 mji is termed UVC. This 
classification has been widely applied in European bterature but 
is not generally adopted in the U. S. A. (cf. Meyer and Seitz, 1942). 

In dealing with quantitative data of biologically-iveighted radiation, 
on the other hand, any possible biological unit ought to be related 
to the threshold dosage of the response in regard or to any other 
fixed degree of response. A threshold value may be expressed in, 
e. g., mWsec/cm^ of weighted radiation, as in the case of the ery- 
thema response, the ophthalmia response, and the yield of vitamin 
D per unit area of skin. An expression for the power of an ultra- 
violet source in each of these respects may simply be obtained by 
dividing the weighted flux totally emitted (in mW) by the corres- 
ponding threshold value (in mAVsec/cm®), the quotient cm^/sec thus 
giving the area which in one second would be brought up to the threshold 
response if all the radiant flux were concentrated on it. These quo- 
tients, or power-values, include the advantage of being numerically 
directly comparable. Thus, if the figure of the erythema power 
(UVE-power) is greater than that of the ophthalmia power (UVK- 
power) it is indicated that the irradiation of the face with unscreened 
eyes will produce photophthalmia before skin er 3 rthema, and in the 
same way the 3 deld of vitamin D per unit area of skin may be seen 
in relation to the simultaneous erythemal response, and so on. Eor 
an ultraviolet point source with spherical intensity distribution curve 
the quotient 

4—4847 H . Ronge 



50 


4 • 7t • 10,000 
power value 

gives the time in seconds necessary for producing a threshold response 
at a distance of one meter from the source. The efficiency of the 
source with respect to different biological effects may be expressed 
as power-value per watt input energy. 

It must, however, be strongly pointed out that the basis for such 
a system of biological units of radiant power is provided by two main 
suppositions which are not generally vahd. In the first place the 
threshold dosage of a response is not a universal constant but vary- 
ing considerably for different individuals, different skin areas, dif- 
ferent seasons, etc. Secondly, the reciprocity law of the photobio- 
logical response is valid only within certain limits, i. e., a given do- 
sage applied with low intensity during a long exposure may fail to 
produce the effect which should have been produced by the same 
dosage applied during a short exposure. In spite of these objections, 
however, this manner of biological rating of ultraviolet sources is 
found practicable in calculations and design of the irradiation system 
connected with the artificial illumination. Practical applications 
are given on later pages. 

Latakjet (1944, see Kovics, 1947) has proposed a unit sterilizing dose 
and a unit erythema dose (Finsen) of ultraviolet radiation, which are based 
on the same principles as applied here. 


Dosimetric Relations of the Ultraviolet Irradiation 

ESects. 

The Photoer3rthema and Photopigmentation. 

The action spectrum of the photoerythema has been the subject 
a number of investigations. The first exact study was made by 
Hausser and Vahle (1921, 1928, see K. W. Hausser, 1934) and 
their results have been supported, in the main, by the later investi- 
gations (Luckiesh, Holladay, and Taylor, 1930; Adams, Barnes, 
and Forsythe, 1931; Coblentz, Stair, and Hogue, 1932). The Il- 
luminating Engineering Society, U. S. A., accepted (1933, 1935) an 
action curve based on an interpretation of the available data by 
Coblentz and Stair (1934), and the same curve was adopted by 
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Fig. 4. Action spectra of tho photoerythema and the antirachitic effect. 
The relative action factor for the wavelength 297 mix is taken as unity for 

all spectra. 

the International Commission on Illumination in 1935 (1. C. I., 1937). 
The curve is shown in fig. 4, and the relative erythemal factors of 
the wavelengths of the mercury spectrum are given in Table 1. This 
is the curve applied in the present investigation for the evaluation 
of the weighted radiation termed UVE. It should be pointed out 
that the curve is valid only for the threshold erythemal response; for 
higher degrees of er 3 d;hema the curve is modified (Adams, Barnes, 
and Forsythe, 1931). 

In the main, the photochemical processes underlsdng the erythema 
and pigmentation responses of the skin on ultraviolet radiation are 
rather well understood (for literature see Chap. 2). The erythemal, 
inflammatory respoilse is limited to wavelengths below about 315 mp,, 
while the 'pigmentation {tanning) effect is caused by the long- wave 
ultraviolet above 315 mp,, with the maximum efficiency in the region 
340 — 880 mp. A brownish pigmentation of long duration is produced 
by these longer wavelengths without proceeding erythema (Lom- 
HOLT, 1936; I. Hausser, 1938). The direct pigmentation requires 
considerably more energy than the production of er 3 d;hema by the 
shorter wavelengths; the threshold value of a pigmentation by 365 mp 
is 500 ^1,000 times the threshold value of the erythema by 297 mp. 
Thus, the pigmentaiion following exposure to ultraviolet radiation 
mainly depends on the prevalence of high intensities of long-wave ultra- 
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Table 1. Relative Action Factors of the Mercury Spectral Lines for 
Producing Biological Effects. 
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violet in the spectrum. The quartz mercury arc radiation is rather 
weak in the tanning-effective spectral region as compared with both 
sunlight and carbon arc radiation (see fig. 20, p. 89). 

The threshold dosage of erythema has been estimated in connection 
with most of the investigations carried out on the action spectrum. 
Haussee and Gauer (see K. W. Haussee,.1934) found values about 
36 mWsec/cm^, Coblentz, Stair, and Hogue (1932) values about 
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50 mWsec/cm^, and Luckiesh, Holladay, and Taylor (1930) give 
the mean threshold dosage as 4.3 mWsec/cm^, all values referring 
to the wavelength of highest efficiency, i. e., 296.7 m[jL. The Council 
on Physical Medicine, U. S. A., has tentatively accepted as the 
average minimum erjd/hema dose an intensity of 20 [xW/cm^ of 
radiation of wavelength 296.7 m(jL, acting for 15 minutes, i. e., 
18 mWsec/cm- total (see Blibi, 1944). It is wellknown that the 
threshold dose varies considerably between different sldn areas and 
different individuals, and there is also a pronounced seasonal varia- 
tion of the skin’s sensitivity (see p. 24). Blum and Teeus (1946 b) 
have recently shown that the threshold dose also depends on the 
spectral character of the radiation in spite of its weighting by the 
same erythema action spectrum (that of Coblentz and Stair, 1934), 
being about 5 mW sec/cm" of UVE for short-wave ultraviolet from 
the low-pressure mercury arc (predominantly the wavelength 253.7 mjji) 
but rising to 18.5 — 52.5 mWsec/cm^ for ultraviolet radiation of wave- 
lengths mainly above 280 mp., as from the carbon arc and sun- 
lamps. It is evident that any average data on both the action 
spectrum and the .threshold dosage of the photoerythema are pro- 
vided with a high degree of unreliability when applied in practice; 
a main source of disagreement between different investigations may 
be the time elapsing before the observation of the response. 

An important point to be mentioned here is that the reciprocity 
law is shown to be valid for the erythemal response of the skin within 
wide limits — at least several hours — of the duration of the ex- 
posure (Luckiesh, 1946; see also hlEYER and Seitz, 1942, p. 204). 

The threshold dosage applied as basis for the design of the UV- 
illumination system in the present investigation was 20 mWsecjcrh^ 
of UVE (see Table 1). With respect to the character of “sun-lamp” 
of the ultraviolet sources to be used for the purpose this value may 
be considered reasonable. 

The installation of the experimental UV-illumination system was 
to be made in some classrooms of a Primary and Secondary school, 
where the stay of the children could rise to about 5 hours per day. 
If the UV-illumination was on during all the lessons of the day the 
threshold dosage would then be reached by an UVE intensity of 
about 1 [xW/cm^ on the face and hands of the children. This figure 
formed the basis for the design of the irradiation component of the 
illumination system with respect to the erythema effect of it. 
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Tbe Phiotoplitlialrtiia, 

The prevention of ophthalmia must obviously be a most important 
task for tke design of the UY-illumination system. Unfortunately, 
the dosimetric data available on this harmful irradiation effect do 
not permit reliable estimations of either the action spectrum or the 
threshold dosage on man, 

Fischkr, Vermeulen, and Eymers (1936) first studied the spectral 
dependency of the “eye-injurious” effect of radiation on rabbits, 
using the comea-reflectoscope as detector of tbe injury. The thres- 
hold doses obtained were found to decrease considerably for wave- 
lengths below about 300 m[j. (see fig. 5), being 60 mWeec/cm^ at 
300 m(z but only 4 mWsec/cm^ at 250 mfii It seems questionable if 
an inteiqiolation between the few data given in this spectral range is 
justified. In a recent study Cogan and Kinsey (1946) found an 
action spectrum of the photo-keratitis of quite a different shape, 
showing a pronounced peak of sensitivity for the cornea around 
288 mfj, with decreasing sensitivity towards shorter wavelengths. 
The investigation was made on rabbits and the criterion of keratitis 
applied was the ophthalmoscopic inspection of the cellular swelling 
(granulation) in the cornea. The threshold doses found by them for 
different wavelengths are shown in fig. 5 also. It is seen that the 
two investigations agree well in the region 285 — 300 m(j. but are 
widely deviating at shorter wavelengths. This may be explained 
by the different criteria used for the threshold response. The figure 
also shows, that the erythema threshold is reached before the oph- 
thalmia threshold if the short-wave limit of the radiation is situated 
at 290 — 295 m|ji, as in natural sunlight. 

The potential ophthalmia-producing effect of short-wave ultra- 
violet radiation is of special interest in cormection with the increa- 
sing use of low-pressure mercury lamps for air-disinfecting purposes. 
Up to 95 per cent of the radiation emitted by these sources consists 
of the wavelength 253.7 m[x (see Buttolph, 1942) and thus possesses 
a high potentiality for eye-danger. In spite of this, comparatively 
little work has been done in order to establish a threshold safety 
dosage. Rooks (1945) found in a self-investigation that an exposure 
of 3 mWeec/cm^, as measured with a Rentschler photometer, was 
sufficient to cause a slight ophthalmia occurring 12 hours after the 
exposure to such a lamp equipment. This single datum obviously 
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Fig. 5 Data on the threshold energy doses at different ultraviolet wave- 
lengths for producing photoerythema and photophthalmia. 


agrees better with the corresponding value found by Fischer, Ver- 
MEULEN, and Eymers than that by Cogan and EIinseY. The only 
criterion on 'photophthalmia justified from the practical point of view 
is apparently the subjective pain and irritation, whether this is ac- 
companied by objective sjunptoms or not. It may be possible that 
short-wave ultraviolet rays, which are absorbed superficially in the 
cornea, may cause an irritation of the nerve endings there without 
observable granulation. 

The interpretation of the action spectrum of Fischer, Vermeu- 
LEN, and Eymers led the International Commission on Illumination 
(1939) to stipulate that the intensity of radiation of wavelengths 
less than 280 m[x emitted by ultraviolet generators for general use 
may not exceed 1/lOth of the energy radiated in the wavelength 
region 280 — 316 m[jL. The Council on Physical Medicine, U. S. A., 
has recently (1943) stated that the intensity on the occupants of 
radiation of the wavelength 263.7 m[x, used for air-disinfecting pur- 
poses, may not exceed 0.6 [iW/cm® during seven hours daily exposure, 
or 0.1 (iW/cm^ during constant exposure. These recommendations 
have been proved valuable for the safety of radiant air-disinfection 
installations (Coblentz, 1946 a). The corresponding dosage for a 
seven hours exposure is 12.6 mWsec/cm®. It should be noted that 
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these data are valid for the horizontal plane in the region of the 
occupants and that only a small fraction of this radiation actually 
reaches the eyes of the occupants. 

In the computations of the UV-illumination system both of these 
action spectra have been used. Radiant energy weighted by the 
■ action spectrum of Cogan and Kinsey is termed UVK and that 
weighted by the action spectrum of Fischer, Vermeulen, and Ey- 
MERS is termed UVX. The relative action factors applied for the 
mercury line spectrum are seen from Table 1, The reference wave- 
length is for UVK 288 mfi, and for UVX 251 m[i,, with the corres- 
ponding threshold dosages — according to the respective authors — 
15 mWsec/cm2 for UVK and 4 mWsec/cm^ for UVX. The value 
given by Cogan and Kinsey for the wavelength 288 m[jt. is, as seen 
in fig. 5, 20 mWsec/cm^; this is valid for rabbit eyes but they state 
that the human eye has only about two thirds of that resistance. 
The corresponding intensities for a threshold response on 5 hours 
exposure is 0.8 p-W/cm^ for UVK and 0.2 (iW/cm^ for UVX. 

The eye irritation ssTuptome sometimes occurring in persons employed in 
localities with fluorescent lighting were ascribed by Habmon (1944) to the 
ultraviolet radiation emitted from these lamps. It is, however, definitely 
shown that the intensities of ultraviolet radiation both above and below 315 m[ji 
in fluorescent light are very weak and, for instance, far smaller than in northern 
blue skylight (Luckiesh and Taylor, 1945). Such disabilities may in most 
cases be due to the glare from unshielded lamps. 

Tlie Photo-Synthesis of Vitamin D. 

The 'photosynthesis of vitamin D is regarded as the most important 
ultraviolet irradiation effect on man and is responsible for the anti- 
rachitic action, both therapeutic and preventive, of sunhght; The 
provitamin predominant in human skin is 7-dehydrocholesterob 
which after irradiation yields vitamin D3. The content of the pro- 
vitamin is many times higher in the skin than in other organs of 
the body; It o.ccurs in the lowermost cells of the horny layer and 
in the. prickle cells of the malphigian layer and is also present in 
excretory products washable from the skin. The absorption of vita- 
min D through the skin has been actually proved (cf. Chap. 2). 

It should be pointed out that the vitamin D is only an intermediate 
stage in the chain of reactions induced by the action of ultraviolet 
on the provitamins, the end products being antirachitically inactive 
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suprasterols. Over-irradiation may also yield toxic prodncte (toxi- 
sterol, substance 248) with hypercalcaemic effects in the body. In the 
main, the peak of the absorption spectrum of every new substance 
formed in the chain of photochemical transformations is moved 
towards shorter wavelengths. Thus, the maximuih absorption of 
the provitamin is found at 282 mtx, of the vitamin at 265 mfx, and of 
the toxisterol at 248 m[x. As the action spectrum of every transfor- 
mation process may be expected to coincide with the absorption 
spectrum of the substance undergoing the transformation, irradia- 
tion with short-wave ultraviolet is more likely to provide over-irra- 
diation of the vitamin than is irradiation with longer wavelengths 
(above 280 m[x, cf. van WuK, 1938). 

The investigations of special interest for the present purpose are 
those dealing with the action spectrum and threshold dosage of the 
antbachitic effect in vivo, i. e., by irradiating the skin of- rachitic 
infants or animals. Hess and Unger (1921) showed that sunlight 
filtered through ordinary window glass was deprived of its" ’antbachi- 
tic ability for infants. Sonne and Reckling (1927) found the anti- 
rachitic effect on experimental animals to be limited to the spectral 
range 313 — 239 m(i,, with the highest efficiency between 302 and 
263 m[x. Hess and Auderson (1927) found an antbachitic effect 
on rats, for both the range 290 — 313 mfi (present in solar radiation) 
and the range 250 — 280 m|x, the efficiency being higher in the latter 
range. In recent studies Bunker and Harris (1937) and Knudson 
and Benford (1938) found by using large monochromators the ac- 
tion spectra of the threshold antbachitic effect shown in fig. 4. The 
data were obtained by irradiating a small area of depilated skin of 
rachitic rats. The relative action factors for the different wave- 
lengths, obtained in these two investigations, are also given in Table 
1. In general the curves agree well, but the maximum efficiency is 
found by Bunker and Harris at the wavelengths 297 mii (cf . Bun- 
ker, Harris, and Mosher, 1940) while Knudson and Benford 
found it at 280 m[x. The latter curve coincides closely with the ab- 
sorption spectrum of ergosterol and 7-dehydrocholesterol. 

An interesting point is given by Knudson and Benford, namely, 
that the increase of antirachitic effect on over-exposure differs consi- 
derably between different wavelengths. For the wavelengths 303 
and 297 mfi the increase of antirachitic effect was approximately 
proportional to the logarithmic increase of the dosage, but for shorter 
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wavelengths no increase was noted, and for the wavelength 265 m|i 
there was an actual decrease of the antirachitic effect by exposure 
above the threshold dosage (= first degree of healing). The expla- 
nation is assumed to be the destructive effect of the shorter wave- 
lengths on the vitamin (cf. above). This discovery is of interest to 
combine with an observation made by Gorter and Soer (1930) by 
irradiating rachitic infants. The therapeutic dosage of quartz mer- 
cury arc irradiation was found to be smaller than the erythema 
threshold dosage only when the radiation below 280 mfi was filtered 
away from the radiation, and the effect of the unfiltered radiation 
was in all cases uncertain (cf. Gortor, 1934). It seems indicated, 
therefore, that the highest yield of vitamin D by irradiation of the sUn 
is reached in the spectral range 280 — 313 mpt, as present in sunlight, 
while the shorter wavelengths may exert a destructive action over- 
lapping the formation. A consequence of this is obviously that short- 
wave ultraviolet radiation, below 280 or 290 mp,, ought to be de- 
pressed in the ultraviolet component of the UV-illumination system. 

If the relative action factor of the wavelength 297 mp is taken as 
unity for both the action spectrum found by Bunker and Harris 
and by Knudson and Beneord the relative course of the curves 
coincides almost perfectly with the curve of the erythema action 
spectrum for wavelengths above 290 mp (see fig. 4, and Table 7, p. 96). 
For all ultraviolet sources of the type “sun-lamp”, i. e., with the ra- 
diation below 290 or 280 mp eliminated, the erythermlly-weighted 
radiation {UVE) may then be used as a simultaneous measure of the 
total antirachitic efficiency of the radiation. A further assumption is 
of course that no weight is given to wavelengths longer than 315 mp. 
In the case of medium-pressure mercury-vapour sunlamps such a 
combination of the erjdhema and antirachitic umts is particularly 
justified, as there is practically no erythema-active radiation above 
313 mp in these lamps. 

Eegarding the dosage of ultraviolet energy necessary for preventing 
and curing ricTcets in infants the following data from the literature 
may be reported, Hess and Unger (1921) showed that irradiation 
with sunlight of only one wrist of a rachitic patient was sufficient to 
produce a general healing of the rickets. Gorter and Soer (1930, 
see Gorter, 1934) found that a daily dosage of 420 mWsec (0.1 Cal.) 
of a wavelength band around 297 mp, applied on 200 cm^ skin area, 
was sufficient to cure even florid rickets. No erythema developed. 
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which is to be expected when considering the dosage per, unit area 
as only 2.1 mWsec/cm^. That suh-erythemal dosages may cure 
rickets was also clearly demonstrated by Gerstekbeegeb and Ho- 
RESH (1931), who irradiated, for 12 hours daily, practically ■ fully 
clothed rachitic infants with high intensities (about 700 lux) "of light 
from timgsten-filament lamps enclosed in bulbs of Corex D glass 
(Mazda CX lamps). The dosage of erythemally- weighted radiation 
which proved to be antirachitic was in this case about 2.4 mWsec/cm* 
per day (cf. Luckiesh, 1946), and the skin area exposed was only 
that of the face and hands of the children. The figme apparently 
agrees well with that found by Gorter and Soer. It may thus be 
considered as proved that a dosage of only about one tenth of the 
erythema threshold dosage applied daily on the face and hands is suf- 
ficient to secure the necessary supply of vitamin D to the infant's body. 

The yield of vitamin D per unit area of skin may be computed 
from the rat experiments previously cited to be about one I. U. per 
cm® per human erythema threshold dosage (see Table 1). It seems 
probable that the yield is considerably greater for the human skin. 

If the UV-illumination for the classrooms is designed to produce 
a full ersdhema threshold exposure on the children during their daily 
stay in the school, this must obviously be expected to give an essen- 
tial contribution to their vitamin D supply. 


Bactericidal Efiect of the Ultraviolet Radiation. 

Regarding, at least, the bactericidal effect of the ultraviolet radi- 
ation no special design was devoted to it from the beginning. The 
action spectrum of this effect has a pronounced peak in the vicinity 
of 265 m[jL (see, e. g., Hollaender, 1942), i. e., in a spectral range 
not suitable for direct irradiation of the occupants. Toward longer 
wavelengths the efficiency is steadily decreasing, as shown in 
Table 1. Some effect may, however, be expected also for a UV- 
illumination with the ultraviolet radiation completely restricted to 
the wavelength region above 280 or 290 m(x. The upper limit of the 
intensity is obviously governed by the direct responses of the occu- 
pants to the irradiation. As, however, the technical arrangement 
finally employed for the UV-illumination involved some enaission 
of wavelengths below 280 m[x, the bactericidal effect became con- 
siderable. This will be discussed more completely in Chap. 12. 
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The Dosimetric Design of the Illumination. 

In the application of the continuous ultraviolet irradiation by- 
means of the artificial illumination system the exposure is limited 
by the- threshold dosage of photoerythema and photophthalmia. 
By the units applied here these dosages are for the erythema about 
20 mWsec/cm2 (= 333 i^Wmin/cm^) of UVE and for the photoph- 
thalmia 15 mWsec/cm^ of UVK or 4 mWsec/cm^ of UVX, according 
to the data employed. From the interpretation given to the spectral 
dosimetric relations between photo-erythema and photophthalmia 
it is indicated that an erythema threshold exposure may be given 
on the face without the simultaneous production of photophthalmia 
if the short-wave limit of the ultraviolet radiation is situated at about 
290 mp.. Calculating with a maximum time for the exposure of about 
5 hours daily the erythema threshold would then be reached by an 
UVE-intensity of about 1 (xW/cm^ on the skin of the occupants. The 
ophthalmia power of the lamp to he used must he small in compar- 
ison with the erythema power. Such an exposure given hy mercury arc 
quartz lamps provided, with a suitable filter for the limitation of short- 
wave ultraviolet radiation would imply a high antirachitic power, and 
besides the direct effects on the occupants some germicidal effect would 
also occur on the air and furniture of the room. 

It should be pointed out that this intensity of ultraviolet on the 
horizontal plane in the region of the occupants may be expected to 
give a considerably smaller intensity actually falling on the face of 
the occupants owing to the oblique incidence of the rays from the 
ceiling equipments. Especially the eyes are effectively screened from 
overhead radiation in usual employment. 

By using the units for the biological power of ultraviolet sources 
previously proposed, i. e., the quotient of total weighted flux from 
the source and the corresponding threshold dosage, an estimate of 
the lamp power required to produce a threshold exposure in a given 
time is simply obtained by the formula 



in which 

P = the power-value required, 
t = the time of the exposure. 
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A = the area to be irradiated (i. e., the floor area of the room), and 
E = the room utilization coefficient, 

while 1 stands for one threshold exposure. This latter term may of 
course be chosen to the degree of exposure desired; for securing a 
sufficient antirachitic exposure it may be replaced by 0.1 if P stands 
for the UVE-power of a mercury lamp with short-wave absorbing 
filter. 

Applied to the actual case of providing a threshold erythemal ex- 
posure on school children during their stay in the classroom, with 
the approximate floor area 50 m^ (500 000 cm-), and witb an expo- 
sure time of 3 — 5 hours daily (— 15 000 sec.), and assuming the uti- 
lization coefficient to be comparatively low (about 0,20), the total 
erythema power required will be 

„ 600 000 
P = = 167. 

0.20 • 15,000 

Shared between four equipments each ultraviolet source should have 
an erythema power of about 42 cm^/sec. Considering the mainte- 
nance factor of the installation, which allows for the depletion of the 
ultraviolet output from the sources during the first period of use, 
and the smaller intensity on the face of the occupants, even a higher 
value would a priori seem applicable. On this basic assumption the 
experiments on the technical arrangement of the UV-illumination 
system were started. 


CHAPTER 5. 

The Teclinical Arrangement of the 
UV-Illnmination System. 

The techmcal features of the illumination system developed in 
the present investigation, with the simultaneous emission and distri- 
bution of ultraviolet radiation (UV) and visible light, include three 
special essential components; 

Tjy -emitting source, 

TJV -scattering reflector, and 

TJV -reflecting paint on ceilings and walls. 
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Each of these components of the UV-illumination system has 
been a subject for special investigations and will be treated separately 
below. The methods employed for the physical measurements carried 
out are described in Chap. 7. 


The UV-Source^. 

Among modern radiation sources now available, the mercury 
vapour lamp is best suited for the purpose of providing the basic 
source of the UV-illumination system. The mercury arc quartz 
lamp, operating at a vapour pressure of about one atmosphere, emits 
considerable amounts of energy in the short- and medium-wave 
ultraviolet range (see, e. g., Kossler, 1940; Oranje, 1943; Eorsythe 
and Adams, 1944; Coblentz, 1945). With a suitable glass filter around 
the quartz burner more or less of the radiation below the wavelength 
290 m[x can be absorbed (see, e. g., Krepft, 1942 a). Such lamps are 
commonly called “sun-lamps” and with certain specifications are 
accepted for general use by the Cotmcil on Physical Medicine, U. S. A. 
(1934, 1940). A disadvantage of the medium-pressure lamp from the 
biological point of view is, however, the relatively small radiation 
output in the long-wave ultraviolet spectrum. 

It is a well-known fact that mercury vapour lamps combined with 
incandescent lamps in special proportions give a “dayhght illumin- 
ation”, widely used for industrial hghting (see, e. g., Matthews, 
1940; Oranje, 1943; cf. p. 18). For the illumination purpose also 
the mercury lamp could then be expected to provide a suitable 
source. 

The UV-source finally selected for the UV-illumination system was 
such a medium-pressure mercury lamp, made by the Swedish lamp 
factory Luma under the trade name LK 120. The lamp, adapted 
for the present purpose, is shown in fig. 6. The small inner tube 
is made of quartz, with electrodes of a tungsten alloy. It is sur- 
rounded by a thin bulb of a molybdenum-containing glass, which 
strongly absorbs wavelengths shorter than about 290 mp.. The 
energy input, with the choke coil, is 120 watts. 

The spectral energy output in the ultraviolet range has been deter- 

The sources employed were made available by Lumalampan AB, Stock- 
holm. 



Thr UV-hourci' (I>K llIO). Thv 
MnnU, inni'f nvT«Mjry*ivr<* tjutvrl?, X\i\i*^ 

(th^^ biinU’r) if* l>y nn outer 

i)u1b (the filter) of f^bort'Wavt* nlinw 
vioirt'nbf'orhitii:; 

mined in several ways, ns will be described later (Clmp. 7). All ibe 
quantitative ineasuroinents, in absnlut<r values, are based on com- 
parisons with a mercury arc standard lamp (‘'UV-Xonnal”), de- 
sifincd by Knr.Kn', liiissnr.u. and Hrrrr.N'Arnu. 'J'he values piven 
below of the total ultraviolet flux emitted per wavelenntb are com- 
puted with allowance for the intensity distribution curve of the 
ultraviolet, radiation from the huni). 

In fi(js 7 and 8 the spectral energy distribution for the rnnf:e below 
^150 mp obtained by spcctroradiometric comi>arison witli the liV- 
Kormal lamp is p;ivcn for a new LK 1‘Jb lamp and for an LK 120 
lamp after ‘100 hours of iise. Fi^'. 10 (p. 88) ”ives a survey of the re- 
lative spextrnl enerKy distribution below IbO mp. obtained by the 
method of direct semi-quant if at ive spectrojiraidiy described on ]). 85. 
hinally, Table 2 contains the values for tin; estimation of tlie ery- 
thema power (UVK), the jdiotophthalmia power (UVK and UVX. 
according to the different, action sjioctra emj)lo.ved) and the germicidal 
power (UVG) of the LK 120 lamj) radiat ion, nccordinK to the descrip- 
tion Riven in the iircvious chajitcr. 'rable 3 rIvcs, for comparison, 
the same calculations made on tlio radiation data for the 250 watt. 
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Table 2. Absolute and Weighted Radiation Data of the LK 120 Larnp. 


Wavelength, mji 

Intensity 
it 1 meter 
jxW/cm^ 

Absol. 

Plux 

mW 

UVE 

mW 

' 

UVK 

mW 

uvx 

mW 

TJVG 

mW 

365 



3,900 

— 

— 

— 

— 

334 

2.93 

288 


— 

— 

— 

313 

20.18 

1,980 

59 

40 

40 

20 

303 

8.43 

826 

454 

107 

4L 

41 

297 

4.61 

462 

452 

212 

45, 

122 

293 

0.42 

41 

29 

31 

7 

16 

289 

1.62 

159 

40 

159 

35 

73 

280 

1.21 

119 

7 

44 

43 

83 

275 

0.65 

64 

4 

22 

29 

51 

270 i 

0.37 

36 

5 

1 

j 20- 

33 

265 

3.70 

363 

91 

109 

24Q. 

1 363 

257 

0.18 

17 ! 

8 

5 

14,. 

14 

254 

.1,14 

112 

61 

28 ' 

99 

75 

248 

0.60 

59 

34 

13 

5^ 

30 

< 248 

0.45 

44 

25 

9 

50 

25 

Total below 315 mfx. . . , 

, 43.66 

m 

m 

1 790 

720 

946 

Total below 285 ni|X . . . . 

8.30 

814 

235 

m 

554 

674 

Weighted Power, cm^/set 

? — 

— 

70 

79 

m 

3,150 

(19 

Efficiency, cm^/sec.watt 

— 

— 

0,6 

0.7 

1.5 

26 


UV'Normal lamp, with, the data according to Rosslee (1939). The 
upper spectrogram of fig. 20 (p. 89) shows the spectral energy distri- 
bution of this lamp found by the semi-quan,titative spectrographic 
method. This lamp may he taken as a typical example of a common 
therapeutic quartz lamp. 

The absorption of short wavelengths hy the outer bulb (filter) in 
the LK 120 lamp is clearly seen from the tables. The emissions per 
watt of input energy for the spectral lines 334 and 366 mp, are about 
equal for both of the lamps, but for the total ultraviolet below 315 
mp, the efficiency of the quartz lamp without the filter is 1,7 times 
higher than for the LK 120 lamp. The corresponding ratio for the 
UVE-efficiency is 1.6, for the UVK-efficiency 1.8, for the UVX- 
efficiency 3.4, and for the KVG-efficiency 2.7. 

Mhen the action spectrum of Cogak and Kinsey is used for the 

5^ — 4847 H, Itonge 
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Table 3. Absolute and Weighted Radiation Data of the UV~Normal 
Lamp (Primary data from Rossler, 1939 ). 




Intensity 

Absol. 

UVE 




Wavelength, 

mjx 

at 1 metei 

Flux 

UVK 

UVX 

UVG 



[xW/cm^ 

mW 

mW 

mW 

mW 

mW 

365 


69.68 

7,530 

B 

B 

B 

^B 

334 


5.09 

550 

B 

B 

B 


313 


46.73 



■I 

B 


303 


19.90 

2,150 

1,180 


mm 


297 


10.64 

1,150 

1,150 

ms 

120 


293 


1.02 

110 

80 

80 


40 

289 


4.07 

440 

no 

440 

100 

200 

280 


7.13 

770 

50 

280 

280 

540 

275 


2.68 

290 

20 

100 

130 

230 

270 


3.15 

340 

50 

no 

190 

310 

265 


16.19 

1,750 

440 

530 

1,160 

1,750 

257 


1.02 

no 

50 

30 

90 

90 

254 


15.08 

1,040 

570 

260 

930 

700 

248 


8.05 

870 

500 

190 

870 

440 

< 248 


8.75 

940 

570 

200 

1,000 

500 

Total below 315 

m\L . . , . 

144.41 


4,920 



5,270 

Total below 285 


62.05 

6,110 


■ 

m 

4,560 

Weighted Power, 

cm^/secj 

■ 

■ 

D 

B 

w 

17,500 
'106 m^fmin) 

Efficiency, cm^/sec.watt 

- ! 

— 

0.98 

1.26 I 

5.10 
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evaluation of the ophihalmia-producing power of the radiation (UVK), 
it appears that the filter does not markedly influence the ratio of 
erythema power to keratitis power. If, on the other hand, the action 
spectrum according to Fischer, Vermeulen, and Eymers is em- 
ployed (UVX), the eye-protecting effect of the filter is clearly indi- 
cated. Personal experience, acquired during the measurements of 
both types of lamps, is rmdoubtedly in favour of the filter diminishing 
the risk of eye-irritation from the same erythema-effective expo- 
sures. The same experience is also reported by van Wijk (1937), 
regarding the effect of a similar filter for the Philips quartz lamp 
“Biosol”. 

The quotient UVBIUVG in the LK 120 lamp radiation is about 5, 
i. e., the energy emitted in the spectral range 280 — 320 mfi. is 5 times 
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Fig. 9. Intensity distribution curves of light, nnd ultraviolet radiation of 
wavelengths below 315 mjx for tho LlC 120 lamp. 

that below 280 iriji.. This ratio is approximately unity for the UV- 
Normal lamp radiation. The International Congress on Illumination 
(1935) recommended that for eye-safety this ratio should not be 
less than 10 for ultraviolet-containing illumination systems (I. C. I., 
1937). A consequence of the comparatively strong emission of short 
wavelengths by the UV-source employed is the gain in baciericidal 
poiver (UVG). As will be shown later, the air-disinfecting effect of the 
UV-illumination with the LK 120 lamp as UV-source is very mar- 
ked, and the risk of eye-inflammation seems to be negligible; not a 
single case has been reported from the experimental installations. 

The erythema 'power of the lamp has also been physiologically 
tested by means of a series of increasing exposures upon normal un- 
pigmented skin of a number of different persons. The erythema 
threshold for the most sensitive subjects was reached after 5—10 
minutes’ exposure at a distance of 60 ems from the unshielded lamp. 
The value computed from the spectral data given, assuming the 
threshold to.be 20 mWsec/cm’^, is 7 minutes. Eor most of the persons 
longer exposures were necessary. 

Some isolated experiences regarding the ophthalmia-producing 
power of the lamp indicate that the ophthalmia threshold is reached 
shortly before the erythema threshold, when the face is directly 
exposed to the radiation. 

The intensity distribution curves of visible light, and ultraviolet 
lation below 315 m(A for the LK 120 lamp are seen from fig. 9. 
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The light intensities for the different angle's were measured with a 
colour-corrected selenium photocell (Weston Photronio cell), and the 
ultravioM intensities were obtained as the difference between quartz- 
transmitted and glass-transmitted radiation, indicated by a sele- 
nium photocell (see p. 91). Most of the radiation, especiaUy ultravio- 
let, is obviously emitted in the horizontal direction. The short-wave 
absorbing filter is thinner in the middle part of the lamp because of 
an enlargement of the bulb, and this is also shown in the distribution 
curve of the ultraviolet radiation. 

The total luminous output of the LK 120 lamp was determined in 
the usual way by means of an integrating XJlbricht sphere photo- 
meter and colour-corrected photocell, and the average value from 
several lamps was 4,000 lumens. The luminous efficiency is then 
about 32 lumens per watt, in agreement with ordinary mercury 
lamps for illumination purposes. 

In order to get a proper colour of the light in the illumination, each 
LK 120 lamp had to be combined in the same fixture with three 150- 
watt incandescent lamps, each with a luminous output of about 2,100 
lumens. The ratio of incandescent luminous flux to mercury arc 
luminous flux is then about 1.5 : 1, which is known to be a gopd value 
in practice (Matthews, 1940). 

The ratio of XJVE-flux and luminous flux of the LK 120 lamp alone 
is about 0.3 mW per lumen. At an illumination level of 1 lux (= 1 
lumen/m^) the intensity of UVB is therefore about 0.3 mW/m^, 
or 0.03 p.W/cm^, and the UVE-intensity of 1 — 2 (xW/cm^ required 
for the UV-illumination corresponds to an illumination level of 
60 70 lux of the mercury-light alone. In combination with in- 

candescent light in the proportion 1.5 ; 1 the same UVE-intensity 
is reached by about 160 lux of illumination, which is a very reasonable 
value for indoor artificial illumination. These considerations de- 
monstrated the possibihty of using the LK 120 lamp as the source 
•for the XJV-illumination. The actual UVE-intensity in a room pro- 
vided with UV-illumination must, however, also be evaluated with 
respect to the different coefficients -of utilization for visible and ultra- 
violet radiation (see p. 76), and the estimate above is only indicative. 

The radiation output of the lamp, both visible and ultraviolet, is 
continuously decreasing during the time of use (cf. Seitz, 1939). After 
400 hours, the ultraviolet output is only about one half of the initial 
value, as seen from fig. 8. The decrease of the luminous output is 
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sho.-n by measuxementa to be somewbat smaller. The main reason 
for this uneconomical state is an obvious deposit of blaclc vapo- 
rised electrode substance upon the inner wall of the quartz tube, but 
devitrification of the quartz may play some role too. fhe spectr 
transmission of the outer glass filter seems, however not to change 
to any great extent, at least not during the first dOO hours of use. 

Unfortunately, allowance could not be made for this deterio- 
ration to the extent desired, as the possibilities of obtaining these 
lamps were very restricted during the war years when the in- 
vestigations were carried out. 


The UV-Reflectori. 


The fitting of the UV-illumination system must distribute both the 
visible and the ultraviolet radiation, without the internal losses being 
too great, in order to produce a reasonably uniform illumination and 
irradiation over the horizontal working plane of the room. Glare 
from the sources must also be avoided. 

Ordinary glass of some millimeters thickness, as used in most lu- 
minaires for artificial lighting, completely absorbs ultraviolet radi- 
ation of wavelengths shorter, than about 315 mfr (see, e. g., KocH 
and WiDMABK, 1928). The ultraviolet-transmitting glasses now avail- 
able are still too expensive for general use in luminaires. 

Hence the fixture finally adopted for the UV-illumination system 
was of the refledor type, consisting of vertical concentric rings of 
aluminium, open upwards and downwards, as shown in the photo- 
graph of fig. 10. The inside surfaces of the rings were chemically 
etched in order to give a diffuse reflection throughout the visible and 
ultraviolet spectrum (see Taylor and Edwards, 1931), The reflection 
factor of the treated surface for the wavelength 297 m[jL was spectro- 
xadiometrically determined to be 70 per cent, which is in. agreement 
with the data given by Taylor and Edwards for this land of snr- 
ace treatment. The outer surfaces of the rings were painted with a 
specml uUrmiolet-rejlecting paint, described below. In tbe bottom of 
thej^xmg of the reflector a diffusing opal glass plate could 


SweJsh^thtfeg D6vebcm"T<J collaboration with G. H.^ssei.. 

faotured bfl2 Stockholm. The reflectors 

U CQ Dy ASEA Electric Ltd., Stockholm. 


j were manu- 



70 



Fig. 10, The UV-ref lector. 
The concentric rings are 
made of aluminium. The 
inside surfaces are chemic- 
ally etched and the outside 
surfaces are painted with 
an ultraviolet-reflecting 
paint. One LK 120 lamp 
and three ' 150-watt incan- 
descent lamps are placed 
in the reflector. 


be placed, in order to diminish the ultraviolet emission from the 
equipment. 

The mercury lamp LK 120 was placed in the centre of tlie reflec- 
tor, surrounded by the three incandescent lamps. The heights and 
relative positions of the rings were so arranged that the bright mer- 
cury lamp could be seen only from a point just below the fixture and 
so that the glare from the other lamps was also reasonably avoided. 
With the opal glass plate situated in the lowest ring the mercury 
lamp was completely invisible feom below. The choke coil of the mer- 
cury lamp was placed in a ceiling box. 

The intensity distribution curves of visible light, and ultraviolet ra- 
diation of wa4lengths below 315 mjx from the reflector, with and 
opal gta plate, are shown in fig. 11. The v,s.bleraiat.on 
is distributed upwards and downwards to approximately the same 
t while the ultraviolet distribution is predominantly indnect, 

extent whrie fc ultra , 

::Ztnt" — ^ -ve ie obviously aWt completely 
componcii ultraviolet radiation. 

“'’The of tU rejkcMr with respect to the luminous oalpul 

isassESSs 
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Fig. 11. Intensity distribution curves of tho UV-ref lector. A = light distri- 
bution, B = ultraviolet distribution from tho reflector without opal gloss plate, 
C = ultraviolet distribution with opal gloss plate, D = ultraviolet distribution 
from the bare LK 120 lamp. 


for determinations of the total ultraviolet efficiency of the reflector, as 
the paint on the inside of the sphere was found to absorb the ultra- 
violet radiation. The ultraviolet efficiency of the reflector was then 
computed from the intensity distribution curve of the ultraviolet 
radiation (see p. 84). This computation was made in such a manner 
that the component efficiencies of the direct and indirect radiation 
were also obtained. The values are given in Table 4. It is seen that 
the opal glass plate in the bottom of the reflector diminishes the ef- 
ficiency of the direct ultraviolet component by one half. The com- 
ponent efficiencies are later used for the calculation of room utili- 
zation factors. 


Table 4. Efficiency of the Reflector for Ultraviolet below 315 m/x. 


Reflector 

Direct 

component 

Indirect 

component 

TotaP 

Without opal glass .... 


0.28 


With opal glass .... 


0.32 



* The horizontal component is neglected. 
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Tig. 12. Ultrayiolefc reflection photographs of various paints; the upper series 
for ordinary light, the lower series for ultraviolet radiation. From the left- 
unpainted wooden plate; barium sulphate in casein (the UVR-paint); barium 
sulphate in oil; the rest, zinc oxide and titanium oxide in oils. 


As the ultraviolet reflection factors of the ring surfaces, espe- 
cially the external painted surfaces, decrease towards shorter wave- 
lengths, the efficiency values given must be considered as averages. 
For wavelengths below 290 m[j. they are probably somewhat smaller. 


The UV-Reflecting' Paints.^ 

Most common paints for indoor use, such as oil paints and those 
containing zinc oxide or titanium oxide as pigment, have a negligible 
or very small reflecting power in the ultraviolet spectral range (see 
Luckiesh and Holladay, 1931 a; A. H. Taylor, 1934 b). This may 
be clearly illustrated by ultraviolet 'photography (fig. 12). Some common 
mixtures were painted on wooden plates and photographed, both in 
the usual way, with a yellow filter and panchromatic film (the upper 
series), and also with a special “UV-camera”, equipped with UV- 
filter and quartz lenses (the lower series). The UV-filter used was 
a -silvered quartz plate with transmission only in the range 310 — 
330 mp., combined with the Schott filter UG 5 (see also p. 90.) 

To install a UV -illumination system in a room with no reflection of 
the ultraviolet rays by the ceiling and walls would obviously be as in- 
effective and uneconomical as to install a common lighting S7jstem in a 
room with black or very dark ceiling and walls. 

1 The preliminary experiments were carried out in cooperation with T. 
Johansson, Military Research Institute, Department I, Stockholm. The de- 
finite composition was made in cooperation with Febniss AB Febbo, Stock- 
holm, who also manufactured the paints. 




■^1 1 1 \ t i>»J 

SSO £70 290 3/0 330 350 370 390 wy 


Fig. 13. Spectral reflection in ultraviolet of the UVR-painte comparod with 

an ordinary oil paint. 


The investigation of the factors determining the UV-reflecting 
ability of a paint leads to the conclusion that the "pawt pigment must 
have good TlV-reflecting power, and the paint binder go-od. •UV- 
transmitting power. Different paints with improved TXV-reflecting 
power were described by Ltickiesh and Hopladay (1931), and other 
such paints were recently studied by Willcock and Sopleb (1940). 
As binder for the paint, casein or nitrocellulose lacquer has mostly 
been used, and the pigment has in most cases been magnesium carbo- 
nate. A survey of this field was recently given by D:&rib^:r^: (1947), 
who also points out the possibility of using wall-papers for ultra- 
violet-reflecting purposes. 

The experiments carried out during this investigation resulted in 
the discovery that a good UV-reflecting paint could be obtained by 
usmg barium sulphite as pigment and a casein' solution as Under 
With these intentions the Swedish paint factory Debotss AB Ferbo 
has made two useful UV-reflecting paints (“UVE-paints”), onfe white 
m ® yellow tint. The spectral reflection mea- 

usintr^^ ^ ^ paints have been made spectroradiometrically, 

lown" 

“^*^6 with the UV-Normal mercury 
surfLe freshlv ^ (p. 81), which had the inside 

ft .as noted that 

espoaeatiallytoabourso o '““M 1“?' 

hours ot the strong irradmtioiT'Th- ‘ho 'first 

. This IS probably due to a photoche- 
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mical influence upon the casein binder. The same observation was 
also made by Willcock and Soller on some similar paints. 

A disadvantage of these two UVE-paints is that they are not 
quite resistant to water, and therefore not washable. For use in the 
UV-reflectors it was considered necessary to have a washable paint. 
The laboratory of the Ferbo paint factory was also successful in 
making such a paint with approved ultraviolet reflection for this 
purpose. The reflection factor in the range around 300 mp. was, 
however, not higher than about 30 per cent. This is the main reason 
why the efficiency of the reflector for ultraviolet was lower than 
for visible light. 


CHAPTER 6. 

The Radiation Climate of the Experimental 

Rooiiis. 

The Experimental Rooms Selected. 

For the purpose of studying the hygienic and physiological effects 
of the UV-iUumination two ordinary class rooms of a large Secondary 
school in Uppsala, and the single room of a small Primary school 
situated in the outskirts of the town, were equipped with the UV- 
illumination system. In each of the Secondary school rooms, both 
with a floor area of 55 m^ and a ceiling height of 3.55 m, the walls 
and ceilings were painted with the white UVR-paint, and four of 
the UV-equipments were installed at a height of 2.7 m (see fig. 14). 
The Primary school room was somewhat smaller, with a floor area 
of 45 m2 and a ceiling height of only 2.7 m. The ceiling was painted 
with the white UVR-paint, the walls with the yellow UVR-painfc. 
Here also four UV-equipments were installed, 2.1 m above the floor. 


Theoretical Estimation of the Radiation Intensities. 

From the dimensional data of the room, the radiation data of the 
sources and the efficiency data of the equipments given above, the 
intensities of ultraviolet energy upon the working planes of the rooms 
were calculated in the same way as is recommended for accurate de- 
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Fig, 14. One of the experimental classrooms in the Secondary school, 
equipped with UV-illumination. 


signs of interior illuminationj i. e., by means of the Hliree-cxirves 
methoi of Harrison and Anberson, as recently described by Boast 
(1942). The accuracy of this method is said to be better than 10 
per cent. 

The principle of the method is that the radiation from the equipments is di- 
vided into three components, a direct one (D), a horizontal (H), and an indirect 
(1), which are treated separately and finally added. For each component the coc/- 
ficient of distribution (C), giving the ratio of the flux received at the working plane 
to that emitted by the equipment, is obtained from average nomographic 
charts, trith allowances for the room index as a measure of the shape of the 
room, and for the wall and ceiling reflection factors. The room index is also 
taken from a nomographic chart, and is determined by the ratio of the ceiling 
or mounting height to the room width, and the ratio of the room length to the 
room^ width. To get the coefficient of utilization (/£ ), of the complete system, the 
d^tribution coefficients (C) are weighted against the respective cfficienccs (n) 
of the equipment, i. e., 


zontftl ii^traviolet radiation from the actual equipments, the hori- 

zontal radiation component is negligible. 
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Besides the coefficient of utUization, a maintenance factor [M) must also be 
mtooduced, allowing for the diminution of the radiation intensities with the 
g g of the sources and also for the accumulation of dust and dirt on the equip- 
ments and the reflectmg surfaces. Then, the density of the radiant flux (B) 
on the horizontal working plane, assumed to be 0.9 m above the floor, is com- 
puted from the general formula 


„ nFKM 

Ja ~ 

A 

where A equals the room area and n the no. of sources, each with the radiation 
flux F. 


For the installations in the two larger, Secondary school rooms, 
the coefficient of, utilization {K) for the ultraviolet radiation was 
found to be 0.24, i. e., 24 per cent of the ultraviolet radiation emitted 
by the UV-sources is received on the working plane. With the ultra- 
violet absorbing opal glass plates placed in the reflectors, the value 
of K was diminished to 0.17. In the smaller. Primary school room the 
values were 0.25 and 0.18 respecti'O'ely. The maintenance factor (M) 
was, by analogy, estimated to be 0.70, provided that the UV-sources 
were exchanged after about 400 hours of use. The initial intensities 
are of course obtained by putting M equal to unity. 

The coefficient of utilization of the illumination system with respect 
to the visible radiation^ i. e,, the light, was found to be about 0.35 
for all the rooms, with only a slight reduction when the opal glass 
plates were in the equipments. 

Table 5 gives the intensities in the experimental school rooms of 
the different spectral radiation components of interest, obtained by 
this method of calculation. It gives a synopsis of the radiation cli- 
mate, to wjiidh the children were exposed during the investigation. The 
approximate threshold time values given are strictly valid only for 
horizontally exposed surfaces. Actual measurements indicated that 
the intensities on vertical surfaces in the work region were about SO- 
SO per cent lower, with correspondingly higher values of the time for 
threshold exposures. 

For the purpose of the medical investigation it was stated that 
the illumination should be in use during at least three lessons daily 
{about 150 minutes) and more if necessary. During 'the darkest 
winter months the artificial illumination was normally in use for 
all the lessons (about 300 minutes). 
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Table 5. Intensities of Visible and Ultraviolet Radiation 
in the Experimental Classrooms. 


Component of 
Radiation 

Secondary School Rooms 

Primary School Room 

Intensity at 
the horizontal 
working plane 

Approx, time 
for threshold 
exposure 

Intensity at 
the liorizontal 
working plane 

Approx, time 
for threshold 
exposure 

Light 

270—300 lux 

. 

400—600 lux 



UV 400—315 in[X 

5 (iW/cm* 

— 

6.7 

— 

TJV below 316 mjz 

5.1 » 

— 

7.0 » 

— 

TJV below 285 m[r 

1 » 

— 

1.3 » 

— 

UVE 

1.5 » 

220 min. 

2.0 » 

160 min. 

UVK 

0.9 » 

190 » 

1.2 ») 

146 » 

uvx 

0.8 » 

85 

1.1 » 

65 » 

tJVG 

1.1 » 

20 »i 

1.3 » 

17 


Opal glass screens in equipments: 30 per cent lower intensities. 
Initial conditions: 40 per cent higher intensities. 


^ For about 99 per cent killing of E, coli (40 % rel. humidity). See 
Chap. 12. 

If the intensity of the visible radiant energy in the experimental rooms (300 
lux) is transformed to the equivalent absolute intensity of the reference wave- 
length in the luminosity curve (555 mfx), by means of the mechanical equiva- 
lent of light (= 1.5 mW per lumen), the value 45 piW/cm^ is obtained. The 
intensities of weighted erythema radiation (1.5 p.W of UVE) in the experimental 
rooms are then biologically comparable with about 10 lux of illumination. This 
gives an idea of the intensity relation of effective visible, and effective erythema - 
producing radiation. 


Experimental Controls of the Radiation Intensities. 

The intensity values coihputed have been checked in physical as 
well as physiological ways. With a 'photoelectric filter-difference 
device (see p, 91) indicating only the radiation below 315 na[jL, a reading 
was taken of the intensity one meter away from the bare XJV-source 
(LK 120), and then at twenty places in one of the Secondary school 
rooms, with the illumination on. By assuming the intensity of ra- 
diation below 315 m(jt, at one meter from the LK 120 to be 44 [xW/cm^, 
as determined by other measurements (Table 2), the intensities 
in the school room measured in this way were found to vary from 
3.2 to 9.4 [xW/cm^, with an average of 6.3 [xW/cm^. The correspond- 
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mg intensity calculated for a new installation was 7.3 [rW/cm^ (Table 
5), with respect to the maintenance factor 5.1 [xW/cm^. No attempt 
has been made to correct these readings for the influence of the small 
change in spectral composition of the radiation due to the reflection 
from the ceiling and walls. The measurements were made with new 
120 lamps, but after the installation had been in use for one year. 

The 'pJiysiologicdh test employed has been the development of ery- 
thema. It was found that in the larger Secondary school rooms where 
the erythema threshold exposure should be reached after 220 minutes, 
the children did not show any skin irritation after the daily three 
hours of exposure. The teacher, who sometimes had to work there 
for longer times in the day, felt a slight hotness in the face after about 
five hours in the illuminated room. Similar experiences were also 
obtained by other subjects. In the Primary school room, with the 
higher intensities, all the children had slight but definite yellowish- 
brown 'pigmentation of face and hands after the first weeks of the 
experiment. The pigmentation of the children is obviously a sign of 
adaptation to the ultraviolet radiation. 

At the beginning of the experiment the opal glass plates were 
used in the reflectors, as the calculated intensities, especially of the 
ophthalmia-effective radiation, seemed to be too high. The plates were 
taken away one by one dtiring the first week, without any injurious 
effect. The intensities were then about 40 per cent higher than in- 
dicated in the table above. The Council on Physical Medicine, U. S. A. 
has stated (1943) that the intensity of short-wave bactericidal ultra- 
violet radiation in a room must not exceed 0.5 (xW/cm^ on the occu- 
pants when the exposure is 7 hours, and 0.1 [xW/cm^ when the 
exposure is 24 hours. These safety intensities are calculated on the 
basis of the erythema response (cf. p. 55). 

Experiences from other similar installations of UV-illumination, 
with about the same intensities as in the school rooms (a textile fac- 
tory, and personal laboratories at the Institute), indicate that even 
eight hours of exposure, and probably more, to the illumination do 
not cause more than a slight or moderate erythema, to which the skin 
is rapidly adapted, but without any eye discomfort. No single case of 
this has hitherto been reported from the different installations made. 

The main reason why the intensity of the ophthalmia-effective ra- 
diation can be kept at such comparatively high values without immed- 
iate risk of eye irritation, is certainly that in ordinary employment 
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the eyes ate very effectively screened from the overhead radiation. 
The reflection from the lower parts of a room for the short-wave 
ultraviolet radiation is in most cases negligible. It should be noted, 
however, that ordinary book and writing paper reflect 20 — 40 per 
cent of radiation around 300 mpi (see A. H. Tayloe, 1934 b). In the 
case of a hospital room, with patients lying in beds, the risk of phot- 
ophthalmia from such a UV-illumination would probably be con- 
siderably higher. 

An important advantage of the prevalent short-wave ultraviolet 
radiation, despite the danger of latent eye-injury, is the marked bac- 
tericidal effect of the illumination throughout the room. The interpre- 
tation of this will be given in Chap. 12. An unfortunate effect, 
on the other hand, is the deleterious action on most flowers and 
plants in the room, which seems unavoidable. 

The illumination level (300 — 500 lux) in the school rooms equipped 
with UV-illumination systems was considerably higher than is usual 
in Swedish classrooms. Some glare from the reflectors was inevitable, 
but in general the installations became highly valued by both teachers 
and children. The colour of the light was pleasant, being reminiscent 
of natural sunlight. 

To sum up it may be said, that the exposures of ultraviolet energy 
in the Secondary school rooms were just below the erythema threshold, 
and in the Primary school room just above this threshold. No case of 
discomfort from the eyes or otherwise has been reported, in spite of 
the comparatively high intensity of short-wave, strongly bactericidal 
radiation present in the dlumination. 


CHAPTER 7. 

The Physical Methods Employed. 

The development of the UV-illumination system described in the 
last chapters has obviously required a number of special physical and 
technical measurements. The methods employed have generally 
been rather primitive, because of the lack of suitable instruments. 
For instance, the only photoelectric devices available have been se- 
lenium barrier-layer photocells, which also had to be used where the 
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special phototubes made for ultraviolet radiation would have been 
more suitable. The lack of a sensitive, calibrated thermoelectric 
device has made all the quantitative radiation measurements, in ab- 
solute units, dependent upon the constancy of a standard kmp for 
ultraviolet radiation. 

Special attention should be drawn here to the semi-quantitative 
spectrographs method described on page 85, which has been developed 
during the present investigation. 


Measurements of Spectral Energy Distribution. 

The UV-Normal Lamp. 

•All the measurements of- spectral intensities and spectral energy 
distributions have been based upon comparisons with the XJV-Nm- 
mal lamp, described by Krefft, Eossleb, and Euttenauer (1937), 
and previously made by Osbam A. Gr., Berlin. This lamp is a medium- 
pressure mercury arc quartz lamp of 250 watts, D. C., and is said 
to give a constant spectral energy output, within the limits + 5 per 
cent, during 200 hours of use, when burning under certain given con- 
ditions. Spectral data for the lamp, in absolute units, are given by 
Fischer (1937), Eossleb (1939) and Weissflog (1940). There are 
some differences between the results of these measurements, but for 
the range 315 — 250 m(i, which is of greatest interest in this investig- 
ation, the data given by the different authors are fairly uniform. The 
constancy of the lamp is supported by Weissflog. 

The lamp available for this investigation was received direct from Osram 
(Berlin), and has only been used for this work. The spectral data given by Eoss- 
UBR have been used as standard values (Table 3, p. 66). It has not been 
possible to check these values further. 

The lamp is run on direct current from a battery of about 200 volts, and is 
in the vertical position with the anode downwards. The arc is started by means 
of a Tesla inductor or other ionization device. After the starting period the 
input power of the lamp is adjusted to exactly 250 watts by means of a resis- 
tance. The arc voltage is then about 130 volts. A complete description of the 
use of the lamp is given by Kkefft (1942 b). 
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Fig. 15. The Ulbricht sphere photometer with filter and photocell equipment 
for measuring ultraviolet radiation. 

The Filter Method^. 

To get a rough, estimation of the energy output in the spectral range 
260 — 315 of different mercury lamps the following filter-method 

according to Krefft and Eossler (1936) was employed (see also 
Krefft, 1942 b). 

The lamp was placed in the centre of an integrating Ulbricht sphere photo- 
meter (in this case a tetra decahedron, fig. 15), the inside surface of which 
was painted with the white UVR paint. In a small opening, screened by an 
aluminium plate from the direct radiation of the lamp, a filter combination was 
placed with the spectral transmission seen in fig. 16, and behind the filter a 
large selenium barrier-layer photocell, connected to -a sensitive low-resistance 
galvanometer. The reading of the galvanometer is then a measure of the energy 
output of the lamp in this wavelength range, proportional to the mean spher- 
ical radiation power. The reading was compared with the same reading of the 
UV-Normal, where the output in this range is known in absolute units. This 
method applied to the LK 120 lamp gave the preliminary value of 4.8 watts 
for the radiation between 260 and 320 mp,. Different LK 120 lamps showed 
very small variations. 

The values obtained in this way are, however, only correct when the relative 
spectral energy distribution of the test lamps is identical ^vith the UV-Normal. 
This is not the case with the LK 120 lamp, where the outer bulb decreases the 
intensities of the shorter wavelengths. If the relative intensity relations between 
the different wavelengths in the test lamp radiation are kno'wn, a correction 

The measuring equipment described below was provided by the Royal 
Institute of Technology, Department of Applied Electrical Engineering, Stock- 
holm. 

6 — 4847 H, lionge 
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factor for tMs error can be deriv- 
ed, Later these relations were 
known for the LK 120 lamp, and 
the correction, factor was calcu- 
lated to be 0.9. The radiation 
flux in the wavelength range 
mentioned should then be 4.3 
watts. This value agrees well 
with the sum of the values ob- 
tained for each spectral line by 
the photographic spectroradio- 
metric measurements described 
below (see Table 2). 

The composition of the filters used to select the wavelength band 260 — 320 m[L 
is seen from Table 6 (Kbefpt and Rossler, 1936). The solution filters were 
kept in quartz cuvettes. The spectral transmission of the filter combination 
actually available for the range 260 — 320 mjxwas controlled in the usual photo- 
graphic spectroradiometric w^ay (see p. 90), with the result given in fig. 16. 
The transmission curve obtained is in good agreement vitb the original curve 
given by Krefft and Rossler. 

The filter combination has also some transmission in the red and infrared, 
which is easily shown by measuring an incandescent lamp. This source of error 
in the measurement of ultraviolet radiation can be avoided by making a supple- 
mentary measurement with a common glass plate combined with the filters. 
The difference of the readings with and without this glass plate, corrected for 
the loss due to reflection, gives a measure of the ultraviolet radiation (me- 
thod of differential measurement). Fov mercury lamps this correction may, 
however, be neglected. 

The measuring equipment available included two other filter combinations, 
intended to select the ranges 320 — 355 mii and 350 — 410 myi, with the compo- 
sitions given in Table 6. In the spectroradiometric control of the transmis- 
sion limits given for these filters it was found, however, that the filter for the 
band 320 — 355 mjx also had a considerable transmission in the short-wave range 
260—270 m(z, which limits its usefulness. The long-xmve UV -filter coTnbinaiion^ 
\vhere the transmission limits were checked to be 350 — 400 m[i, has been used 
for measurements of the strong mercury line at 366 mjA. As compared with the 
UV-Normal, the energy flux of this wavelength from the LK 120 lamp was 
3,9 watts. This is the value given in Table 2. 

This filter method has proved valuable for making rapid estimations 
of the approximate energy distribution, of different radiations and 
to look for variations between different specimens of the same lamp. 
A serious, but inevitable disadvantage is that it does not give any 
information about tbe relative energy distribution within the im- 
portant range 260—320 mir. A displacement of the relative wave- 



Fig. 16. The spectral transmission of the 
filter for isolation of the range 260 — 320 m[i. 
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Table 6. Composition of Filters for Isolating Different Spectral Regions 
of Ultraviolet Radiation. (From Khefft and Rossler, 1936,) 


200-320 rap. 

320-356 mp 

3 G 0-410 rap 

Schott filter I7G 5 
Backsth 6 m filter 

Picric acid (10 inm, 0,0G3 %) 

Schott filter UG 5 
! BacksthOm filter 
i Nitric acid (10 mm, 0.3 N) 

Schott filter TTG 2 
» » GG 2 

Cupric Rulphnlo (10 mm, 5.7 %) 


The BackstkOm filter: 


f NiSO,- THjO 
(CoSO<-7HsO 


49.2 "/i"! 
14.1 %j 


thickness 20 mm. 


length intensities in this range may change the relation of the ery- 
thema- to the ophthalmia-efficiency and probably also influence the 
yield of vitamin D. These factors made necessary more accurate 
measurements of the ultraviolet spectrum. 

The equipment was easily adapted for measurements of the hi- 
tninoKs powers of different lamps. The filters and the photocell were 
exchanged for a Weston Thotronic cell, with the spectral sensitivity 
curve corrected by filters in accordance with the normal luminosity 
curve of the eye. The readings were calibrated in lumens after stand- 
ardization against an incandescent normal-lamp. 


Tlie Spectroradiometric Method^. 

The more accurate determinations of the spectral energy distri- 
bution below 350 m^j., in the radiation from different UV-sources, 
also in absolute units, have been made on the principle of hetero- 
chrotnatic photometry (see, e. g.. Sawyer, 1945), with the UV- 
Normal as the reference standard source. 


Procedure. Series of speetrograms of the horizontnUy emitted radiation 
from the test lamp and tlie standard lamp, for the same distance, rverc taken 
successively with a quartz spectrograph (Fuess, Berlin) on spectral process 
plates {Ilford, or Agfa Autolith), with the exposure -time increasing in logn- 

S W = '.loot 

of n spectrogram were then measured with the aid 

of a special Zeiss microphotometer. For each Jinn the Wnnon, 

abscissa andT hilTstTuTe'^^^^^^^^^^^ cSve'he! 

™=rr.;— •> 
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come straight lines over a wide exposure range, the gradient varying linearly 
with the spectral contrast factor of the plate emulsion. The mutual relation 
between the intensity of a line in the test lamp and the normal lamp radiation 
is then obtained as the reciprocal of the exposure times which give the same 
density on the straight part of the curve. 

To avoid any influence of the development of the plates, the density curves 
compared were always taken from the same plate or from plates handled sU 
multaneously. The galvanometer scale of the microphotometer was calibrated 
to give the densities at once and the readings were directly plotted on the 
semi-logarithmic diagrams. 

As the spectral intensities of the UV-Nbrmal radiation are given in absolute 
units, the ratios obtained for the test-lamp radiation could be transformed 
to absolute units, the accuracy mainly depending on the reliability of the 
standard lamp. 

Evaluation of spectral radiant flux. The data obtained in this way 
give the density of radiant energy for each spectral hne in the horizontally 
emitted radiation. To get from these data the total energy (flux) of each 
wavelength emitted by the source the iniensiiy distribution curve must be con- 
sidered. This was determined, as the average of radiation of wavelengths 
below 31 5 m(x, by means of the filter-difference method described below. The 
result in the case of the LK 120 lamp is plotted in the polar diagram of 
fig. 9 (p. 67). The intensities (/) at different angles, being the averages of 
several meridians, are expressed as percentages of the horizontal intensity. 
The flux [F) between the angles 6^ and 6^ is then obtained from the fol- 
lowing formula (cf. Boast, 1942); 


02 

Bi 


e-dd 


or, if the mean value of the intensity between the limits 6^ and 6^ is taken as 
a constant of the integration, 




Oi 


T 

'02 wean 


(cos — cos 


02 


01 


Every 10 degree zone from 0° to 180° was treated in this way, the sum giving 
a relative measure of the total flux in the spectral region below 315 my. 
emitted by the source. As the horizontally emitted radiation is known in 
absolute units for each wavelength, the total flux of each wavelength can 
also be expressed in absolute units. It has been assumed that the distri- 
bution curve is similar for all the wavelengths below 315 mjx. 

In this way the values given in Table 2 icere obtained. 

This method of getting the spectral energy radiation of a source is 
rather laborious, as the density curves of about 30 spectral lines in 
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the range below 350 m[x have to be obtained, each of which from at 
least five density readings. Obviously the method is not suitable for 
routine measurements. Because of that, and as these measurements 
are of such fundamental importance in testing sources for UV- 
illumination, the following simple but approximate method may be 
recommended. 


A Semi-qu^titative Spectrographic Method. 

This method, which has been developed during the present investig- 
ation, is based on the principle of varying the exposure on the photo- 
graphic plate of a spectrograph, in such a manner that the threshold 
of macroscopic blackening for different intensities is reached at dif- 
ferent heights of the plate. This aim has been realized by moving 
the plate past the exit slit of the spectrograph Avith a velocity, 
varying during the time of exposure according to an exponential 
function. The same result may also be obtained by using a loga- 
rithmically cut sector rotating before the entrance slit, as described 
in standard handbooks, (see, e. g., Lewis, 1946; Sawyer, 1945), but 
then the quantitative spectrogram on the plate is not higher than 
the length of the slit. By the plate-moving method the total height 
of the plate can be utilized. 

The iheory of the method is as follows. Prom the reciprocity law of the photo- 
graphic plate emulsion it is assumed that the product of radiant intensity (E) 
and exposure time (<) is a constant for the threshold blackening, 

(1) E-t = c, 

The spectral plate is moved upwards, past the exit slit of height a, with the 
decreasing velocity dzjd-z, where z is the scale of the plate height, measured from 
the initial stationary spectrogram, and t the time for the displacement. At 
the end of the displaeement the plate has moved the distance z = h, i. e., k is 
the height of the utilized part of the spectral plate (see fig. 17). 

The velocity should vary in such a Avay that the threshold exposure E ■ t = 
should be exceeded at a point where the distance (k — z) is directly propor- 
tional to the intensity E, thus, 

(2) (k — z) ■ t — c^ 

If the exposure time /, at z = a, is taken as unity, it follows that k — a — c,. 
or generally 

(3) 


E • t = k — a 
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Fig, 17. Schematic representation of the 
semi.quantitative spectrographic method. 
The^ upward movement of the plate may 
be imagined as a downward movement 
of the slit. See text. 


The exposure time t is at every point dependent on the velocity of the plate 
past the slit according to 


dz I dT 

By substituting Cg = /: — a, and the value of t from above, in eq. (2), it follows 
that 


( 5 ) 


a* dx k — a 

dz k — >z 


from which z is obtained: 


z = k(l — e 


The differential quotient dz/dx of this equation is the velocity at which the plate 
should move past the exit slit. 

The 'practical arrangement is seen in fig. 18. The curve of eq. (6) 
is solved numerically between the limits t = 0 and t = 200 se- 
conds, with A: = 70 mm (utiKzed height of the plate) and a = 2 mm 
(height of exit slit). This curve has been cut in a metal plate in the 
form of a slot, into which a small wheel is placed. The two ends of 
the axis of the wheel are attached by two arms to the plate-holder 
of the spectrograph. The metal plate with the slotted curve is moved 
by a small motor with a constant velocity v above the plate-holder, 
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Fig. 18. Tho spectrograph equipped with the arrangement for semi-quanti- 
tative spectrography. A rotating sector is placed in front of the spectrograph. 

and the wheel with the attached plate-holder runs up along the curve, 
pulled by a spring (see fig. 18 ). The time t in the equations above 
is then given by the ratio LJv, where L is the length of the hori- 
zontal projection of the metal curve, and v is the adjustable speed of 
the movement of the metal plate. 

The intensity of radiation on the entrance slit suitable for the 
procedure may be varied by the distance of the source, or by a 
rotating sector placed in front of the spectrograph. A pre-ex- 
posure is first made, with the plate at the lowest position, giving 
a narrow spectrogram at the upper part of the plate. Then the 
motor is started, and the plate moves upwards. At the end of 
the displacement- the exposure is continued until a distinct after- 
spectrogram is obtained at the bottom of the plate. 

Trom the developed plate a print is first taken on a hard lantern 
slide or photographic paper, and then a new j)rint is made from the 
first one. A line spectrum is then seen as black lines of different heights, 
corresponding to the different intensities. The heights should be read 
from the upper end of the after-spectrogram. To get a very dis- 
tinct upper limit of the lines on the prints, it was found suitable 
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Fig. 19. A semi- quantitative spectrogram of the LK 120 lamp radiation. 

to use a wet printing procedure from the first paper print to the 
second paper. In this way the spectrograms of figs 19 — 21 were 
obtained. 

The first limitation of the accuracy of the method is obviously 
that the reciprocity constant (Cj) is not constant over the entire 
spectrum. This makes comparisons between different wavelength 
intensities on the same spectrogram approximate. For ordinary 
spectral process plates the sensitivity, however, is rather constant in 
the wavelength range 250 — 100 m[jL, i. e., the region of interest for 
most biological purposes (see Mees, 1931; and for Autohth plates 
see Seitz and Meyer, 1912). This error may be avoided by compa- 
rison for each wavelength with a standard lamp spectrum obtained 
in a similar way. 

For a given band of wavelengths, the energy content is approxi- 
mately proportional to the area of the blackening. As the wave- 
length scale in prism spectrographs is spread out towards shorter 
wavelengths, the actual height of the blackening in such semi-quan- 
titative spectrograms becomes smaller for the same spectral energy 
content at shorter wavelengths. Accurate readings of the semi- 
quantitative spectrograms must then be made by means of area 
measurements instead of height measurements. The area measure- 
ment can be conveniently carried out by reflection or transmission 
determinations of the selected parts of the paper prints. 

The photographic treatment of the plates, especially the steps in 
the reproductions, involve further errors in the method. It has been 
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Fig. 20. Semi- quantitative 
spectrograms of the TJ V*Normal 
lamp radiation (uppermost spec- 
trogram) and different types of 
carbon arcs (Spectram, Stock- 
holm). 

found, from series of measurements of different radiant sources, 
that the error of the method with careful handling is of the order of 
magnitude of + 25 per cent. For most biological purposes such an 
accuracy is sufficient. 


500 4CO 350 300 ? 70 ' 250 230 




Fig. 21. Semi -quantitative 
spectrogi'am of a high-pressure 
quartz mercury arc (HBO 500, 
Osram). 
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Measurements of Spectral Transmission and Reflection^. 

The determinations of the ultraviolet absorption or transmission 
curves of different filters and glasses used in the investigation have 
been made in the usual spectroradiometric way, by means of a 
Zeiss double-sector spectrometer (Spectrograph Qu 24), with a 
Hufner quartz prism as the beam-splitting device. A full descrip- 
tion of the method employed is found, e. g., in Heilmeyer (1943), 
The same arrangement was also used for the spectral reflection 
measurements of painted and otherwise treated surfaces. A circular 

plate covered with evaporated mag- 
nesium oxide was attached to the 
centre of the test plate, and used 
as standard for the measurements. 
This combination was rotated in 
front of the spectrograph and illu- 
ipinated from the side with a mer- 
cury arc quartz lamp. The stan- 
dard MgO-plate was projected into 
the slit of the prism to form one 
beam, the intensity of which was 
varied with the adjustable sector. 
The beam reflected from the test 
plate was reduced to a constant 
intensity by the other part of the 
double-sector. The density comparisons were estimated by the eye. 

A striking illustration of the difference in ultraviolet-reflecting 
power of different surfaces was rapidly obtained by ultraviolet pTioto- 
graphy, using a mercury arc quartz lamp as the light-source (see 
fig, 12). The glass lens of the camera was exchanged for a quartz 
lens, but a stenopaeic hole instead of the lens was also satisfactory 
for this purpose. A quartz plate, covered with a thin layer of silver 
according to the method of Bbashear (see Strong, 1944), in com- 
bination with a Schott UG 5 filter, was placed in front of the ca- 
mera. The spectral transmission of the silvered quartz plate is shown 
in fig. 22 (cf. voN Angerer, 1944). 



290 JOO 310 320 330 3^0 mfj 


Fig. 22. Spectral tranemissioii of 
the silvered quartz plate used for 
ultraviolet photography. 


^ Most of these measurements were carried out at the Military Hesearch 
Institute, Department I, Stockholm. The reflection measurements were made 
in collaboration with Dr 0. Quensel at this Institute. 
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Measurements of Ultraviolet Radiant Intensities. 

The determinations of actual surface intensities of visible and ultra- 
violet radiation have been made vsith selenium harrier-layer ‘photo- 
cells, covered with suitable filters, in connection with a low-resistance 
galvanometer (mainly the Multiflex). The readings obtained by such 
a device are fimctions of the spectral energy distribution of the ra- 
diation, the spectral transmission of the filter and the spectral sen- 
sitivity of the photocell. With suitable filters it is sometimes possible 
to imitate the spectral sensitivity curve of a special photochemical 
or photobiological process, as for instance the luminosity curve is 
imitated in colour-corrected illumination meters. The readings are 
then directly obtained in weighted values. Otherwise,-ade(iuate com- 
parisons between different readings are only allowable when the spec- 
tral energy distributions of the compared radiations are identical, or 
are known in relative values for both radiations (see EIbefft, 1942 b). 
Another limitation of these photoelectric measurements is that the 
photocell response does not correctly follow the cosine law for oblique 
incidence (see Laech^, 1942). In common illumination measure- 
ments allowance for this error is, however, usually not made. 

Unfortunately, there are no glass filters available for the selective 
isolation of ultraviolet radiation below about 316 mp.. Special 
phototubes exist which have their long-wave sensitivity limit in this 
region, making them suitable devices for such measurements (cf. 
p. 20). There is, however, a possibility to make use of selenium cells 
for these measurements also, namely by the filter-difference method. 
A survey of the applicability of this principle is given by Seitz and 
Meyer (1942, 1943) and Henscke and Schulze (1942). In this 
investigation the following simple method was used. 

For every intensity determination a reading was first taken with the ex- 
posed photocell covered by a thin quartz plate, and then another reading with 
the photocell covered by an ordinary glass plate. The difference of these rea- 
dings measures the radiation which is transmitted by the quarz plate hut 
not the glass plate (see fig. 23). The quartz plate is used in order to give equal 
reflection conditions. The long-wave limit of the device used was at about 
355 mg, as found by the transmission measurements of the plates. In measuring 
mercury radiation, where the range below this limit only contains the weak 
line at 334 mg before the strong lines about 300 mg and shorter, the response of 
the device becomes mainly a measure of the biologically important range around and 
below 300 mp. Ordinary incandescent light does not give any perceptible 
difference-reading. 
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Fig. 23. The principle of the filter- difference 
method. 1 = transmission of the quartz plate; 
2 = transmission of the glass plate; 3 = difference 
of 1 and 2; 4 = spectral sensitivity of the photocell; 
5 = resultant spectral sensitivity of the filter- 
difference equipment. 


/ 



Fig. 24. Circuit arrange- 
ment of the balanced 
photocells for direct fil- 
ter-difference readings. 
1 == glass plate for zero 
adjustment; 2 = quarts 
plate; 3 = glass plate; 

4 = photocell. 


Instead of making the two readings successively is possible to balance such 
a quartz -covered photocell against a glass-covered one and to measure the dif- 
ference directly (see Muller, Garman, and Droz, 1946). As it was found diffi- 
cult to find two photocells sufficiently equal for this purpose, a large selenium 
cell was divided into two exactly equal halves, connected according to the wiring 
diagram of fig. 24. The zero adjustment of the device was made with a thick glass 
plate covering both halves of the selenium cell. 

By such devices the determinations of the ultraviolet distribution 
curves of figs 9 and 11 and the measurements of the ultraviolet 
intensities prevalent in the experimental installations have been 
carried out. 


CHAPTER 8. 

A Comparison with Daylight Ultraviolet 
Conditions. 

The purpose of the studies reported here was to find out the ap- 
proximate relations between the artificial radiation climate obtained 
with the UV-illumination system and the natural outdoor radiation 
conditions in Scandinavia, with special reference to antirachitic ultra- 
violet radiation. The studies carried out are purely theoretical and 
do not intend to give more than a general picture of the subject. 
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Experimental! invest ifiations of the riuliation climntc of the Senn- 
dinavinn Peninsula arc reporteil by Auukn (1939, 1942), hut. tlicse 
studies do not include the short-wave part of the nltraviolctsiicctrum. 

From the preat number of investipations of the dayliplit content of 
antirachitic ultraviolet radiation, i. c., radiation of wavclcnpths shorter 
than 313 mu, (for literature sec BinTKKU, 1938; Ivr.s and Gim., 1937), 
the first poncral conclusion is that this short-wave spectral compo- 
nent varies to a much preatcr extent than the visible and infra-red 
radiation by chanctes o{ the nun eJevntum and also the aUituch ahoir 
sca-lcvcL The short-wave limit is siiectropraphically found to be from 
290 to 315 m|x, dependinp on the sun elevation (sec BihTNKii, 1938). 
In an extensive investipationTiHiiAi.n and Buown (1931) showed that 
when rachitic rats are cxiioscd for two hours to noon daylipht there 
is a marked antirachitic effect only when the sun is more than 35 
deprecs above the horizon. Maykiusok and Laurkns (1930, see also 
Lauren.s and Maykrsox, 1933) have piven further evidence of the 
marked seasonal variation of the antirachitic effect of sunshine. 

Another peneral conclusion of importance is that for medium and 
low elevations of the sun the (h'fjusc skif radiation contributes consi- 
derably more than the direct sun radiation to the intensity of this 
spectral comiionent at the surface of the earth. This has already been 
pointed out in the pioneer work of Dorn'o (1919). The liiolopical 
importance of sky radiation is exiicrimentally proved by Mat (1938, 
1939). 

The general validity and applicaliility of the different invo.stipations 
carried out are, however, in many cases limited, because the indicatinp 
or integratinp instruments employed have not been sufficiently well- 
defined with rcsiiect to the spectral sensitivity and to the correct 
rcspon.se to sky radiation. As the .short-wave limit of (ho sun’s in- 
tensity spectrum is very abrupt, the intensity at 340 mp. for 40° 
sun elevation beinp about 100 times that at 300 mp and 2 000 times 
that at 295 mp, the long-wave spectral sensitivity limit of the mea- 
suring device is of decisive importance for the results obtained. Con- 
.siderable sensitivity above 313 mp is, for instance, a disadvantage 
of the UV-Dosimeter of I. G. Faruen which has been widely used 
in Europe, and with which investigations have been made for 
many different localities and latitudes (sec BurrENR, 1938; Lands- 
RERG, 1937; for northern latitudes Sydow, lliEMERSCnMii), and 
Tiedemann, 1939). 



94 


It seems, however, possible to obtain a general survey of the geogra- 
phical and seasonal variations of the short-wave ultraviolet, without 
referring to any special measuring device, from the measurements 
of the actual spectral energy distribution, in absolute units, of tbe 
extreme ultraviolet of the solar spectrum, recently carried out at the 
Bureau of Standards, Washington, hj Coblentz and Stair (1936 a-b). 
The principle of their extensive investigations has been to cal- 
culate, for different elevations of the sun, the exact energy distribution 
below and including 313.2 m[x from a set of simultaneous measure- 
ments with photoelectric and thermoelectric devices of somewhat 
different spectral sensitivity within this wavelength range. The 
following calculations are mainly founded upon the average data of these 
papers. It is assumed that a given air mass causes the same depletion 
of the radiation at the Scandinavian latitudes as at the Washington 
latitude. The calculations refer only to sea-level. 

O’Brien (1943) has published calculations of the annual and daily 
variations of the antirachitic, erythemal and bactericidal efficiency 
of solar radiation, in relative values, for the latitudes 33, 38 and 43 
degrees, using approximately the same principles of calculation as 
have been applied here. His calculations refer only to the intensity 
variations, while the calculations reported here also include the 
dosage variations. To the extent to which they are comparable the 
agreement seems satisfactory. 


The Relation of UVE-Intensity to the Sun’s Elevation. 

From the tables and diagrams given in the papers of Coblentz 
and Stair the diagram in fig. 25 has been calculated and plotted, 
showing how the average' intensities of different wavelengths below 
315 m(x in the solar radiation vary with the mass of air traversed, 
i. e., the elevation of the sun. The fact that the plot of the de- 
crease of intensity in the semi-logarithmic diagram is a straight line 
shows that the absorption in the atmosphere follows in the main an 
exponential law. The thickness of the mass of air traversed by the 
rays (w) is found from the sun’s elevation Qi) by the formula 

1 


m 


sin h 
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intensity depletion o£ different wavelengths in the short-wave end 
ot the solar spectrum with increasing ray length through the atmosphere (air 
ifThl' air mass is the length of the path through the atmosphere 

If the elevation of the sun is 90° (cf. fig. 2G). The diagram is computed and 
plotted from data given by ConPEiraz and Stair (193G a-b). 


i. e., the mass of air is measured in no. of atmospheres, with the ze- 
nith atmosphere {h — 90 °) as unity (cf., e. g., Conrad, 1942 ). 

The general mathematical expression of the curves in the diagram 
IS then 


-tniA — /()/.• ter 


where r,. =the intensity of wavelength X for mass of air = m, 
hi = the corresponding extra-terrestrial intensity {m = 0)[ 

?/. = the transmission coefficient (^\ for the wavelength X. 
direcLToTthf''^''’^’'^ intensities perpendicular to the 
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TableJ^ Wavelength Coefficients for the Evaluation of UVE-Radiation. 


Wavelength 

mjx 

Erythemal 

factor 

I.C.I. 

Antirachitic factor 

■UVE. 

coefficient 

adopted 

Knudsen- 

Benforb 

Bunker- 

Habris 

295 

0.98 



1.0 

297.5 

1.0 

1.0 

1.0 

1.0 

300 

0.83 



0.8 

302.6 

0.55 

0.48 

0.47 

0.6 

305 

0.33 



0.3 

307.5 

i 0.20 



0.2 

310 

0.11 



0.1 

312.5 

0.03 

0.01 

0.0 

0.02 

316 

0.01 



0.00 


Every ordinate in this diagram includes values of the average 
spectral energy distribution, in absolute intensity units, for the cor- 
responding air mass, i. e., sun elevation, and may be used as a nomo- 
gram for the equation given above. By weighting the energy distri- 
bution curves plotted from this diagram against the action spectrum 
of a photobiological response, a series of product curves of weighted 
spectral intensities is obtained for the different sun elevations. The 
surface integrals of the product curves give the total intensity of 
weighted incident energy, expressed as the equivalent intensity of 
the reference wavelength in the action spectrum (see fig. 3, p. 47). 

From the point of view of human physiology the antirachitic effect 
and the erythema effect are of special interest. The relative shapes 
of the action spectra for these two effects happen to coincide almost 
exactly for wavelengths longer than 295 m[x, i. e., the short-wave 
limit of the solar spectrum, if the action factor for the wavelength 
297 mp, is taken as unity for both these curves (see fig. 4, p. 51). For 
the purpose of the following calculations an average action spectrum 
was adopted for the biologically-effective radiation (UVE) in the so- 
lar radiation. The wavelength coefficients selected are given in Table 
7. Wavelengths longer than 315 mp, have not been given any 
weight, as they do not possess any antirachitic properties. They have, 
however, a slight erythema effect, or rather a tanning effect, on hu- 
man skin, which may contribute about as much to the total tanning 
effect of solar radiation as the wavelengths below 315 mp. (see 
p. 51), The UVE-values obtained, by the action spectrum adopted here 
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Fig. 20. Colc»lnt<?d int<?nsitics of or 3 ^themaliy-weighted ultraviolet radiation 
of wa vclongtlis below 315 rag (UVE) in colar radiation (perpendicular to 
the ra^’s) and of eun and radiation on a horizontal surface at different 

elevations of the sun. 


U'lU (hen be somewhat too small xviiJi regard to the skin-tanning prop- 
erty of (he radiation, but will fit the antirachitic efficiency closely. 

Fig. 2G shows the UVB-intensities obtained in this way as a func- 
tion of the mass of air. As expected, it also gives a straight line when 
plotted on a semi-logarithmic diagram. The unbroken curve is valid 
for the solar radiation, perpendicular to the direction of the rays. It 
corresponds to an effectiv'e transmission coefficient {q) of about 0.10. 

The relative contribution of sky radiation to the short-wave ultra- 
\ iolet intensity at the earth has been measured by, among others, 
BC-ttner (193S) and Luckiesh, Taylor, and Kerr (1939). In spite 
of the different methods employed, the results are in almost perfect 
.agreement when exprc-sscd in a similar way. The ratio of sky radiation 
to sun radiation on a horizontal surface equals unity at sun elevations 

4 — 4S47 H, 



98 



Fig. 27. Calculated daily amounts of UVE arriving at a plane perpendicular 
to the solar radiation for different seasons of the year and at different 
Scandinavian latitudes. The shaded level denotes the amount (dosage) requi- 
red for producing a slight degree of tan on the average unpigmented human 
skin. Tile corresponding curves for sim and sky UVE incident on a hori- 
zontal plane are practically identical if the ordinate scale is doubled. 

above 70 degrees, provided that the air is clean, and rises to about 10 
at a sun elevation of 20 degrees. By using the mean quotient ob- 
tainable from these investigations for every sun elevation, the 
XJVE-intensity on a horizontal surface from both sun and shy radi- 
ation was calculated, with allowance of course for the cosine law 
for the direct sun radiation. The result is shown by the broken 
curve of fig. 26. 

It is seen from this diagram that the VY E-intensity 1.5 yW fern- 
obtained by the artificial TJY -illumination system in the experimental 
schoolrooyns corresponds to the TJY E-intensity of direct solar radiation 
for a sun elevation of about 30 degrees above the horizon, or to the in- 
tensity falling upon a fully exposed horizontal surface on a clear day 
for the sun elevation 20 — 25 degrees. It may be mentioned, that the 
midsummer sun elevation in the south of Sweden reaches a maximum 
of about 55 degrees, and in the north of Sweden about 45 degrees. 
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The corresponding exposure times calculated to produce a tlireshold 
erythema for the different UVB-intensities are given by the ordinate 
on the right of fig. 26. The threshold dosage was presumed to be 20 
mWsec/cm^. The data are in good agreement with sunilar time values 
given by Buttner (1938) for the exposure necessary to produce a 
slight tan of normal skin for different sun elevations. The intensity 
values of the diagram agree well with some corresponding data also 
given by Luckiesh and Taylor (1945). 


Daily Dosage of UVE at Different Seasons and Latitudes. 

Erom the photobiological point of view the intensities of UVB- 
radiation in daylight are of less interest than the daily dosages avail- 
able for different seasons and latitudes. Actual measurements of the 
daily amount of tanning-active ultraviolet radiation have recently 
been made during a six year continuous record by Leckiesh, Taylor, 
and Kerr (1937, 1939, 1944; see also Luckiesh, 1946), at a latitude 
of 41.5° N. The calculations made in the present investigation 
mainly refer to Scandinavian latitudes, but for the comparison they 
have also been made for lower latitudes. 

With the aid of the diagram in fig. 26 and of the curves available 
for the apparent course of the sun across the sky on different days 
of the year and in different latitudes, the daytime variation curve 
of the UVE-intensity was plotted in diagrams for six pairs of cor- 
responding days in the year. The surface integral of such a curve 
gives the total UYE-energy {TJVE-dosage) incident for that cloudless 
day. Eig. 27 summarizes these integrated data obtained for different 
seasons and different Scandinavian latitudes, with respect to the 
sun radiation perpendicular to the rays (sky radiation not inclu- 
ded). Similar day-dosage curves were also calculated for sun and sky 
radiation on a horizontal plane, and it was found that the course of 
these latter curves was in almost perfect agreement with the curves 
in fig. 27 if only the ordinate scale were doubled. 

It is seen from the figure that there is practically no antirachitic 
radiation IJJYE) at all reaching the earth's surface during 4 — 6 months 
of the year, at the Scandinavian latitudes. With the UV-illumination 
the daily exposure was maintained during the winter at a level of 
about 20 mWsec/cm2 of UVE-radiation. 
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Annual Dosage of UVE at Different Latitudes. 

The surface integrals of the day-dosage curves of the year (fig. 27) 
permit a computation of the theoretical value of the total VYE- 
energy maximally available during a presumed cloudless year. Such 
values, including TJYE-vadiation jrom sun and slcy reaching a hori- 
zontal surface are calculated for different latitudes, with the result 
shown in fig. 28. The broken line indicates the total heat insolation, 
in relative values, for a horizontal surface, given as annual averages 
for clear days (see Cojoiad, 1942). The much greater influence of the 
geographical latitude on the amounts of ultraviolet radiation reaching the 
earth as compared with the total heat radiation is evident from the figure. 

The total annual UVE-radiation calculated in this way for the la- 
titude of 40° is, as seen from fig. 28, 125,000 mWsec/cm^. This value 
should be compared with the average value actually found in the in- 
tegrating photoelectric measurements of Luckiesh, Taylor, and 
Kerr, mentioned above, which was 3,000 E-viton hours, or 110,000 
mWsec/cm^ of tanning-effective radiation. Allowing for the mean 
cloudiness and the fact that their measuring device was also somewhat 
sensitive for wavelengths longer than 315 mg., the agreement is sur- 
prisingly good. 

The calculations reported here are obviously only of a general na- 
ture, giving an estimation of the theoretical maximum values of 
UVE-energy available at different latitudes and different seasons. 
The real ultraviolet radiation climate of a locality is dependent upon 
many other factors, such as the cloudiness, the albedo of the earth’s 
surface, the altitude, and local and seasonal variations of the trans- 
mittance of the atmosphere. The content of ozone in the atmosphere 
exerts a great influence on the spectral energy distribution of the 
short-wave ultraviolet spectrum, and this content is known to vary 
considerably from day to day. The effect of this is clearly demon- 
strated in the calculations of O’Brien (1943). In conclusion, however, 
the deciding factor from the hygienic point of view is the degree to 
which the outdoor radiation climate is really utilized by human 
beings. 

The effect of cloudiness and snow. — It is found by Buttner that cloudiness 
generally diminishes the ultraviolet radiation to a less extent than visible 
light and heat radiation. The spectral composition in the UVE-range is not al- 
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Fig. 28. Calculated amounts of UVE reaching a horizontal surface directly 
from the sun and entire sky for a presumed cloudless year at different 
latitudes. The curve of total solar radiation gives the same data (in rela- 
tive units) for the total of ultraviolet, visible and infra-red radiation. 


tered by clouds or fog (Coblentz and Stair, 1935). When the sky is entirely 
covered by clouds (cloudiness 10) the UVE-intensity at the earth is diminished 
to about 50 per cent of the corresponding clear sky intensity, as measured i\dth 
the UV-dosimeter (see Buttner, 1938). The average number of hours of sun- 
shine during the summer months in Sweden, according to AngstrOji (1946), 
is 45 — 50 per cent of the possible number. It could then he expected that about 
three quarters of the calculated value of the maximal ahnual UVE-energy 
reach the earth in Sweden, i. e., about 36,000 mWsecycm-. During the winter 
months the average cloudiness is still greater, but on the other hand the snow- 
cover causes at least a doubling of the mean radiation intensity by reflection 
(see Buttker, 1938). 

An. obvious consequence of the data obtained by these calculations 
IS that the use of special ultraviolet-transmitting glass in windows in 
order to get an improvement of the indoor radiation climate is futile 
during the winter, at least at the latitudes of Scandinavia. The 
ineffectiveness of such devices for general use was pointed out long 
ago by Clakk (1928) and Kollath (1929), see p. 36. Hence the 
only way to attain this purpose is to make use of artificial sources 
of ultraviolet radiation. 
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Table 8. Intensities of Visible and Ultraviolet Radiation in Daylight 
{Clear Days). Estimated Values. 


Component of 
Radiation 

Sun Elevation 60® 



Sun Elevation 30® 

Direct Sun 

Sky 

Direct Sun, 

Sky 

Light 

100,000 lux 

17,000 lux 

76,000 lux 

15,000 lux 

TJV 400 — 315m[i 

4,000 (iW/cm® 

2 

2,500 (iW/cm^ 

2 

TJV below 3I5 » 

55 » 

60 [iW/cm^ 

15 » 

20 liW/cm' 

UVE » 

12 )) 

13 » 

2 » 

3 » 

UVK » 

1 6 )) 

7 ,> 

1 » 

1.5 I) 

UVX » 

1.6 » 

2 » 

0.3 » 

0.6 » 

UVG 

12 » 

(10) 

4 » 

(4) 


The Average Daylight Ultraviolet Climate. 

For the comparison of the outdoor “ideal” radiation climate with 
the artifieiaUy created radiation chmate indoors see Table 8 which 
is given in the same form as Table 5, p. 77. The illumination values 
are according to Lunelund (1935), the data for long- wave ultravio- 
let are taken from the measurements of Auren (1939) and the data 
for short-wave ultraviolet from the measurements of Coblentz 
and Stair used above. The weighted intensities given for UVK, 
UVX and UVG are calculated in the same manner as was applied to 
UVE in the calculations reported above. The action spectra for these 
biological effects in the long-wave ultraviolet range (315 — 400 m[jL) 
are, however, in general not so well-known as for the shorter wave- 
lengths, which makes these values in the table rather imcertain. For 
both UVK and UVX, i. e., the radiation injurious to the eye, the action 
spectra available were arbitrarily extrapolated to 315 m[x, where the 
long-wave limit was placed, as done previously for the UVE-radiation. 
The bactericidal intensities (UVG) are computed upon the basis of 
the action spectrum given by Luckiesh, Hobladay, and Taylor (see 
Luckiesh, 1946), which includes data as far as in the visible spec- 
trum. In the main this curve seems to be in agreement with the 
findings of other authors (cf. Hollaexder, 1946). 

A comparison between the tables indicates that the UV-illumination 
offers some resemblance to the natural radiation climate at the sun elev- 
ation 20—30 degrees, but only with respect to the biologically w'eighted 
intensities of short-wave ultraviolet. For the same erythema-effec- 




103 


tive intensity, the intensity of long-wave ultraviolet radiation is at least 
500 times greater in the natural solar radiation than in the mercury 
radiation of the UV-illumination. One consequence of this, as pointed 
out before, is that the degree of skin-tanning of the children in the 
illuminated classrooms was not as high as would have been reached 
by the same UVE-dosage of natural sunshine. 

It should be noted that the intensity of ophthalmia-producing ra- 
diation in natural daylight, calculated in this way, is comparatively 
high, also for sky radiation alone. The reason why the effect of this 
is not usually observed may be the same as that assumed for the 
UV-illumination, i. e., the protected situation of the eyes for overhead 
radiation. The risk of eye-irritation in the UV-illuminated rooms 
could then be expected to be not much higher than outdoors dur- 
ing a bright summer day. 



III. 


The UV- Illumination Effects. 


CHAPTER 9. 


A General Scheme of the Experiments. 

The investigation of the physiological and hygienic effects of the 
supplementary ultraviolet radiation in the artificial illumination, ob- 
tained by means of the UV-illumination system previously described, 
has hitherto been carried out in a Secondary school and a Primary 
school in Uppsala during a period of three school terms (one and a 
half years). The organisation of the school classes involved in the ex- 
periments is shown in fig. 29. Every rectangle represents a group of 
about thirty children, corresponding to an ordinary Swedish school 
class. The ultraviolet irradiated groups are marked with shaded rec- 
tangles, the control groups with open rectangles. During the last term 
of investigation the non-irradiated Group III was divided into two 
halves, one of which was treated with a large dose of vitamin D, as 
indicated by the half-pointed rectangle (later referred to as The 
Vitamin D Ex'periment). The connecting lines indicate that the same 
children have been followed consecutively over more than one term. 
A total of about 220 children have been involved in the experiments, 120 
of which have been given ultraviolet irradiation for some period of time. 

Groups I and II and, after the first term, also Group III were com- 
posed of boys only, the other groups of both boys and girls. The age 
distribution was very homogeneous, with practically all 6—7 year- 
old children in the Primary school classes and 9—11 year-olds in 
the Secondary school classes. The social character of the groups can 
be regarded as representative of a random sample of Swedish Primary 
and Secondary school children and without significant differences 
between the several groups engaged. An interview revealed that only 
very few of them were having their diet supplemented by vitamin 
preparations during the winter. 

The classrooms of Groups I— HI were situated next to each other 
long a ground-floor corridor of the Vaksala Secondary School in 
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■^eCONDAffY SCHOOL CHILDREN PRIMARY SCHOOL CHlCDRCfi 

Age about lO gears Age about 7 years. 

CROUP: j n IE isr Y 

Jon.- Hay I9A6 


Stpf.-0ec.i9A6 


Jan.- Hoy i9A7 

□ Control irradiation OiU D-vifamin treatment 

Fig. 29. The organization of the school children trial on UV -illumination. 
Every rectangle corresponds to a class of about 30 pupils for one school term. 

Uppsala, each, with four windows facing North-East and towards 
the playground. The opposite side of the corridor included other 
classrooms, not engaged in this trial. The classroom of the experi- 
mental Group IV, with Primary school children, was situated in a 
small private building in an outer part of the city, and no other 
children were taught there. The control Group V was selected from 
corresponding classes of the Vaksala Secondary School. The daylight 
illumination in all the classrooms involved in the trial was in good 
agreement with modern Swedish requirements (see Arner and Yll- 
>-'ER, 19411 . 

During the first term of the investigation Group I was provided 
^\ith the UV-illumination system, and in the classroom of Group II 
the same special fixtures were installed but wdthout ultraviolet lamps. 
During the following term this room was also equipped with a com- 
plete XA'’-illumination system. The classroom of Group IV was pro- 
^ided with the complete system from the beginning. All other con- 
trol rooms had common opal globe luminaires. 

The investigation has included the following examinations and 
studies. 

1 ' 

•-1X series of blood analyses on the children with regard to the 
following blood constituents; 

the haemoglobin concentration, 
the plasma level of calcium, 
t le plasma level of inorganic phosphorus, and 
t le p asma activity of alkaline phosphatase. 
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2. Six series of evaluation of the physical fitness of the children 
by testing with a submaximal work. 

3. Determinations of the concentration of micro-organisms in the air 
in the experimental and control rooms, made by random samples 
during the last term of the investigation. 

4r. Record of the absenteeism due to illness among the children, 
supplemented with statistics of the annual course and height of the 
absenteeism in a number of corresponding school classes for the years 
1943—47. 

Records have also been made of the increase in height and weight 
of the children, obtained from the body measurements made in con- 
nection with the fitness tests. These measurements were, however, 
not made with sufficient accuracy to permit a reliable interpretation, 
and the material was too small to give significant differences between 
irradiated and control children. 


The Statistical Treatments. 

The statistical data of the error of estimations are reported in connection with 
the descriptions of the different methods employed. For the methods of the 
blood-chemical analyses a large number of double determinations on different 
specimens, and series of determinations on the same specimen, have been carried 
out, permitting for all methods a very exact evaluation of the random errors 
of the method. This error (o^) is calculated from the pairs of double-determina- 
tions by using the formula 



where T, = the sum of the squares of the differences between the two deter- 
minations made on the same specimen, and n — the number of pairs of such 
double-determinations (s’e Dahlbekg, 1940). For the series of determinations 
carried out on the same specimen the error of estimation is given by the stan- 
dard deviation of the series. 

Special attention is also devoted to the influenee of the error of the control 
determinations made in connection ^vith aU the series of blood analyses. The 
control determinations on standard solutions are used for the conversion into 
absolute values of the titration values or the photometer readings obtained. 
J£ M = the mean reading of the series of blood determinations and Jf. = the 
mean reading of the series of determinations made on the known standard solu- 
tion of the concentration C, the evaluated mean (31) of the series of blood de- 
terminations is obtained from the formula 
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The standard error of this mean value M was calculated according to the 
formula 








where e„ and e,, are the standard errors of the mean of the blood series and 
the standard series, respectively (see Dahlberg, 1940, p. 95). When is 
considerably greater than which was usually the case in the analyses 
carried out here, may be directly replaced by G • Zj^JM^* 

The error of estimation in the work tests on 2 >k^ysical fitness was, in accordance 
with common use, evaluated by means of the rdesUreliabiliiy coefficient 
i, e., the coefficient of correlation between two administrations of the same test 
on a number of individuals (see Garret, 1947). This “self-correlation” coeffi- 
cient is a quantitative estimate of the importance of chance or variable influences 
upon the test scores owing to the method or to unaccounted day-to-day changes 
of the individuals. Constant errors working in only one direction <io not affect 
the rehabihty coefficient. The standard error of an obtained score may then be 
obtained from the formula 

= J-li 

in which 0 ^ 00 = the standard error of an obtained score (“standard error of 
measurement”), = the standard deviation of the series of test scores, and 
= the rehabihty coefficient of the test. This measure of the error of a single 
observation takes account of the self- correlation of the method as well as of the 
variabihty within the group and is the best method of expressing the rehabihty 
of a test (Garret, p, 392). See further p. 136. 


The statistical treatment of the samples of data in absolute values, obtained 
from the different kinds and series of examinations, has included the calcu- 
lations of the mean value (3f), the standard deviation (a) and the standard 
error of the mean (e) in the usual manner (see, e. g., Kemp, 1942). 

In order to control that the material treated did not show apparent assymetry 
of the distribution, the frequency distribution was plotted in graphs for 
every sample. There was in no case significant reason to make corrections for 

asymmetry. In doubtful cases the ^-square test was applied (see Kemp, p. 

120 ). 

When two compatible series of data of and tIj individuals, respectively, 
with the mean values Jfj and M^, were combined to form one group, the fol- 
lowing formulae were applied: 


M 


+ 


— M, 


+ ^2 


”1 + ^2 
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The Reproduction of the Results. 


A detailed report of the very comprehensive material collected 
and the statistical data of it would be rather confusing. Hence the 
main results are given in a kind of statistical diagrams as shown in 
figs 30 — 38. Every sample of data is represented by a rectangle, the 
height of which gives the range where the real mean value of the sample 
is to he found, with a probability of 90 per cent. The width of the 
rectangle gives an approximate measure of the number of observa- 
tions in the sample (usually about .25). 


The rectangles are obtained by using the ^factors in the following way (cf. 
Kemp, pp. 90 — 92). The standard error (e) of the mean of the sample, calcula- 
ted in the ordinary way, is multiplied by the /-factor, which corresponds to a 
probability of 0.1 that the real mean value would be randomly situated outside 
the limits ± t- z around the actual mean value obtained. This means that 
there is a 90 per cent probability that the real mean lies within the range 
jl/ + / • which is the range indicated by the height of the rectangles in the dia- 
grams. The /-factors corresponding to this probability level and to the number 
of the degrees of freedom in the samples were obtained from the tables of 
Fisher and Yates (1946). It should be pointed out that the rectangles thus 
give the 90 per cent probability range of the real mean of the group indepen- 
dent of the number of observations in it. 

These diagrams do not, however, always permit an immediate evaluation of 
the sianificance of the differences between the means of different groups. Assu- 


ming that there is no 


correlation between the groups to be compared, an idea 


of the significance is of course given by the vertical distance between the ad- 
t limits of the two rectangles mutually displaced, but an exact evaluation 
SThe siSdficance can only be made by application of the <-test on differences 
LtweenX means of small samples (see ICemp, p. 103). In the special cases 
d here however, the samples to be compared within the same time- 
Ses of examination (i. e., non-correlated groups) are always of about the same 
respect to the number of observations and the standard 
magni u e ° follows that the ranges 1 • e are about equal, 

• rectangles 31 t * s are of about the same size. If this is the case, 

1 . e., of the two rectangles to be compared, just sufficient to 

aiira'Le space between them, obviously gives the relation 
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JXi— ilfj = 2 • i • e 

The ^-factor of the difference, called is in the same special case obtained 
from the formula 

These two equations combined give 

When the number of observations in each sample is about 25 (= 24 degrees of 
freedom), as in most cases here, the value of ( is about 1.71 (rising to 1.81 for 
10 degrees of freedom), i. e., 2,40 (or, for 10 degrees of freedom, = 2.55). 

These -values of the difference correspond to a probability for a difference 
at random of 0.05 — 0.01, thus indicating a “probable” difference. Moderate 
disparities of number etc. between the samples do not alter this general 
statement. This is the reason why the probability range for the rectangles in 
the diagrams was chosen at the 90 per cent level. For all cases given in the 
'present diagrams, a displacement of itvo rectangles representing different groups 
just sufficient to give a free space heliveen them, indicates that the difference is at 
the limit of the 'usually accepted criterion of a real, significant difference. 

With increasing space between the rectangles the probability for a real dif- 
ference is rapidly increasing. In fig. 33, for instance, the difference between 
the means of the two samples at March 1946 corresponds to a probability of 
much less than 0.001 for a difference at random — 6.3, n = 57). 

Of course, in doubtful cases, all the possible differences between the differ- 
ent groups have also been tested in full accordance with the exact formula 
for the f-test on small samples, before any decisive conclusions have been 
drawn. 

This interpretation of the statistical diagrams is, however, not valid for com- 
parisons of two means, when the underlying observations are correlated, i, e., when 
a high value in one sample is also likely to he combined with a high value in 
the other sample. Such a correlation may he entering when two means should 
be compared, obtained from the same test administered to the same subjects 
upon different occasions, as in the study of possible seasonal variations. If 
there exists such a correlation, which, for instance, is rather high for the scores 
of physical fitness, the present diagrams under-estimate the significance of pos- 
sible differences when read as described above. When seasonal variations have 
been tested for their significance in the present investigation, the mean and the 
standard deviation of the series of differences obtained for the subjects have 
been computed, and the mean difference then tested on the null hypothesis 
with the f-test. In this way the correlation is taken into account mthout 
making the calculation of the coefficient of correlation between the samples 
necessary (cf. Garret, 1947). 
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As, however, the diagrams just described include most of the data of interest 
for the purpose of this investigation in a clear form and with regard also to the 
statistically evaluated significances of the means, it was considered unnecessary 
to give a complete, detailed account of the comprehensive material. 

The statistical treatment reported above is of course valid only for the random 
variations of the samples. It is difficult completely, to avoid the appearance of 
systematic errors in such a wide investigation of long duration. For instance, 
it was not possible to have the same assistants performing the same analyses in 
all the series, and the influence of the personal factor was sometimes demonstrated. 


CHAPTER 10. 

Efiects on Some Constituents of Blood. 

The time scheme for, and the number of experimental subjects in 
the six series of blood analyses carried out are seen from Table 9. 


Table 9. Scheme of Blood Analyses. 


Time 

Group I 

Group II 

Group III 

Group IV 

Group V 

Boys 

Girls 

Boys 

Girls 

Boys 

Girls 

Boys 

Girls 

Boys Girls 

Dec. 1945 

27 

H 

25 

■ 

fl 

B 

B 

7 

B 

B 

Marcb 1946 

26 


25 

B 


In 

M 

14 

Q 

9 

May-June 1946 

25 

H 

24 

B 




7 

Bl 

m 

Oct. 1946 

29 ' 

■ 

m 

fl 

29 

— 

13 

11 

14 

16 

Dec. 1946 

25 

■ 


B 

29 

— 

12 

9 

13 

m 

March 1947 

— 

— 

— 

— 

29^ 

— 

— 

1 

— 

— 


1 15 of whom had received vitamin D. 


The reason why the last series (March 1947) did not consist of all the groups 
was that the chUdren of Groups I and II vere unwilling to be subjected to 
further venous punctures, and for Group IV the ultraviolet lamps had become 
inactive and new lamps were not available. The only group examined by blood 
analyses during the last spring term of the investigation was therefore the 
class partly treated with vitamin D (Group III). 

The first series (Dec. 1945) did not include phosphatase analyses, and haemo- 
globin determinations were carried out only in Groups II and III. The reason 
was mctbodical in origin. 
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The Analysis Methods Employed. 

The sampling of the blood^ The sampling of the blood was always per- 
formed in the morning when the children had just arrived at the school. Venous 
puncture was made with a dry sterilized syringe, and about 10 ml of blood were 
allowed to flow into a thoroughly cleaned and acid-washed test tube, containing 
0.2 ml of a 0.5 per cent solution of sodium heparin and some glass pebbles. The 
samples were centrifuged within one hour after taking the blood, and after the 
sample for the haemoglobin determination had been withdra^vn. Analyses were 
carried out on 15 — 25 samples daily during the examination periods. 

According to Wilander (1938) there is no difference except the dilution ef- 
fect in the results of blood analyses on calcium and phosphatase when using 
heparin plasma instead of serum. This has been confirmed, also vdth respect 
to inorganic phosphorus, by experimental controls made in the present investig- 
ation. 

The Haemoglobin Method, The alkaline haeraatin method according to 
Wu (see Peters and van Slyke, 1931) was employed in the following manner. 
After thoroughly mixing the sample, 0.05 ml of the heparinized blood was 
collected in 5 ml of N/ 10 HCl, stoppered and mixed, and left at room tempera- 
ture for at least 3 hours. 0.5 ml of 10-N NaOH was then added and the solution 
was measured against distilled water as a blank in the Zeiss visual “Stuphen- 
Photometer” (Pulfrich) with 1 cm cuvette and green light filter (S 50). 

The standardization of the readings was made by comparisons with the care- 
fully calibrated Authenrieth Haemoglobinometer of Dr H. Enghoff at this 
Institute, which is used as standard for a great number of Swedish haemoglo- 
binometers (see Enghoff, 1937). Standardizations were made for three of 
the six series of analyses, and the calibration factor obtained was in all cases 
exactly the same. 

The values are expressed in grams of haemoglobin per 100 ml of blood (“g %”) 
No allowance has been made for the dilution due to the heparin added. 

The error of the method, computed as the standard deviation of 20 deter- 
minations of the same blood specimen, was + 0.17 g %, or 1.03 per cent of the 
mean. 


The Calcium Method, The method of Kramer and Tisdali. was em- 
ployed with the procedures in accordance with the description given by King 
(1946). Some other methods, which are said to be more exact, were tried but 

found too tedious to combine ^vith the other analyses to be carried out on the 
blood samples. 


The N/lOO potassium permanganate solution for the titration, which was 
diluted from the N/10 standard solution every day of the test periods, was 
c ecked in the usual manner by titration with a standard oxalic acid solution. 

urther, every daily series of the plasma calcium estimations were combined 
wit estimatio ns of a number of specimens of an exactly weighed standard 


This responsible task was kindly carried out by Nurse Karin Nordsj5. 
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calcium solution .of about 10 mg %, which were handled simultaneously and in 
the same manner as the plasma specimens. The calculation of the plasma cal- 
cium concentration, in mg %, was performed by comparison ndth the mean 
ralue found for the calcium standard titrations. The oxalic acid titrations Avere 
used as an additional control of the standard estimations. 

The error of the method, calculated as the standard deviation of a series of 20 
separate titrations of the same blood sample, was found to be only 0.08 mg % 
.0.8 per cent of the mean). The error of the standard estimations (on the stan- 
dard solution) was also found to be 0.08 mg %, as calculated from the great 
number of double determinations carried out. This error is considerably smal- 
ler than that found by Rothlik and von Biddee (1945). The error of the mean 
obtained after correcting the titration values of the blood samples with the 
standard titration values was calculated in accordance with the formula given 
on p. 107. 

Isolated plasma titrations sometimes gave values deviating considerably 
in both directions from the mean value obtained. In doubtful cases they were 
tested by the criterion of Chatjyenet (see MEiiLOK, 1939) before any elimination 
from the final statistical treatment. 

The Phosphorus Method, The method employed was that of Fiske and 
SuBBAEOW, %vith the modifications of Teoeell (1931). The amount of phos- 
phorus determinable by this method is 10 — 50 fig. The following procedure 
was applied. 

From the freshly centrifuged blood sample 0.5 ml of the heparin plasma was 
liluted with an equal amount of water and treated with 2 ml of 10 per cent 
trichloroacetic acid, and the mixture well shaken. After 10 minutes 3 ml of 
water were added, and the mixture was filtered. From the filtrate 4 ml were 
transferred to a 25 ml volumetric test tube. Water was added, followed by 1.5 ml 
of 12.5-1^ sulphuric acid and 2 ml of 5 per cent ammonium molybdate solution 
and water, to the 25 ml mark. Then 0.5 ml of the reducing agent was added and 
mixed by inverting and shaking. The reducing agent was 0.25 per cent 1:2:4- 
aminonaphtholsulphonic acid in 14.5 per cent sodium meta -bisulphite and 0.5 
per cent sodium sulphite, and was freshly made for each period of analysis. 
The colour of the test was compared after 15 — 40 minutes with a control solu* 
tion without plasma in a photoelectric colorimeter, using red light filter (S 72). 

Standardization of the readings was performed at short intervals by a dilu- 
tion series of a standard phosphate solution. The calibration factor obtained 
from the series was further checked daily by measuring 4 or more specimens 
of a standard phosphate solution of 5 mg %, treated in the same manner as the 
plasma samples. 

The error of the estimation of both plasma and standard solutions, computed 
as the standard deviation of 20 separate determinations of the same blood S3mple 
and from a large number of double determinations of standard solutions, was 
found to be 0.13 mg %, or 2.5 per cent of the mean value. 

The Phosphatase Methods. During the series 2 — 4 (March — Oct. 1946) 
the method of Ltjndsteen and Veemeheen was employed (see Veemeheen, 
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1938), with some modifications. By this method the phosphataae activity is 
estimated by the amount of inorganic phosphorus liberated from an alkaline- 
buffered solution of sodium beta-glycerophosphate, used as substrate for the 
phosphatase. Unfortunately it was impossible to procure this substrate for the 
last two series of analyses. Then, the method of ICing and Armstrong, in the 
modification of Buck and Bucii (1939), was employed. The substrate for the 
phosphatase is liere phenol phosphate, and the liberation of phenol is determined 
by use of the phenol reagent of Folin and Ciocalteau. The procedure em- 
ployed was in accurate accordance udth the description of Bucn and Bucii 
(1939). 

The method of Lundsteen and Vermeuren was applied in the following man- 
ner. 0.1 or 0.2 ml of the heparin plasma w'as diluted with 8. ml of 0.9 per cent 
sodium chloride solution. After shaldng, 2 ml of the diluted plasma were trans- 
ferred to 2 ml of the buffered glycerophosphate solution, made in accordance 
with the description given by Vermeuren (1938). The tubes wove thoroughly 
shaken and stoppered and kept in a w^ater-bath at 37® C for 24 hours. Double 
determinations were usually made of each sample. The hydrolysis w^as stopped 
after the 24 hours by adding 4 ml of 10 per cent trichloroacetic acid to each tube. 
After 10 minutes the tubes w^ere centrifuged or filtered, and 7 ml of the clear 
filtrate w^as taken for phosphorus analysis according to the method previously 
described. The readings w^ere compared with control solutions Avithout plasma, 
treated in the same manner as the tests. In this Avay the amount of phosphorus 
in the test volume w^as measured, and the corresponding amount of phosphorus 
in mg per 100 ml of plasma Avas calculated. From this value the content of 
inorganic phosphorus of the plasma itself Avas subtracted (about 4 mg per 
100 ml). The rest is then the amount of phosphorus hydrolysed per 100 ml of 
plasma, and is called the number of “phosphatase units”. For children the 
values Avere in the range 100 — 200 “units”, and for adults about 60 “units”, 
w'hich is in agreement Avith the normal values given by Vermehren (1938). 

In the expermcntal control of the method it Avas demonstrated, that the rate 
of the hydrolysis AA^as constant during the 24 liours incubation period. It Avas also 
shoAvn, that the phosphatase analysis of heparin plasma did not give significant 
differences from the values found by using serum. 

The error of the method, calculated from the large number of double deter- 
minations carried out, was 10 “units”, or 7 % of the mean. In a mean value of 
20 single determinations on different individuals, the error due to the method 
is then only about + 2 units. 

The phenolphosphate method in the modification of Buch and Buck includes 
phenol determinations of the test solution and of a control solution of the same 
blood sample, Avhere the enzyme has not had time to assert an action. The 
difference betAveen these values permits the calculation of the number of “phenol 
units ^ per 100 ml of plasma or serum. It Avas found that the standard dcAdation 
of a single reading in this method was also + 7 per cent of the mean for both 
the test and control solutions. It was also found, that the control readings did 
not differ sigmficantly between different (healthy) individuals. Then, by using 
for the subtraction the average of the large number of control readings, in- 

S — 4847 Ht Itonge 
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Fig. 30. Haemoglobin levels in irradiated and control groups of Primary 

school classes. 1 

stead of the individual control readings the error of a single determination 
could he practically maintained at + 7 per cent. 

This method was used only to detect any differences between the groups in 
each series. The values found are therefore given only as percentages of the 
(non-irradiated) control groups, and are unrelated for the two time-series, where 
the method was employed, and also for the values of the previous method. 

Results. 

The results obtained for the variations of the blood constituents 
analysed are given in the diagrams of figs 30 — 38.^ As discussed above 
(p. 108), a statistically significant difference between two means ob- 
tained for different groups (i. e., uncorrelated samples) is indicated 
when the corresponding rectangles in the diagrams are mutually dis- 
placed so that a free space appears between them. A seasonal vari- 
ation for one and the same group requires in general a smaller dis- 
placement of the rectangles to give the same degree of significance. 
The exact evaluation of this must be made with consideration to 
the correlation between the samples. 

^ In the following diagrams the heights of the rectangles denote the range 
of variation within which the real mean value of the group is to be situated 
with an evaluated probability of 90 per cent (see p. 108). The width gives 
an estimate of the number of obser\^ations in each group (usually about 25^ 
see Table 9, p. 110). 
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Fig. 31. Haemoglobin levels in experimental and control groups of Secon- 
dary school classes. 


For the first period, December 1945— May 1946, the control group (i. e., 
open rectangles in the diagrams) of the Secondary school children has 
been made np of Group II and the boys of Group III, thus consisting 
of only boys in conformity with the experimental Group I (see fig. 29, 
p. 105). The girls of Group III during this period were not included in the 
statistical treatment. From the following term (Sept. 1946) Groups I— III 
consisted only of boys aged 10 — 11 years. 

The experimental Group IV of the Primary school children with the corre- 
sponding control Group V consisted of both boys and girls, aged about 7 years, 
during the whole investigation, and the statistical treatment has been made on 
the combined material. 


Effect on Haemoglobin Concentration. 

The variations of the haemoglobin concentration of the blood found 
^ the different groups during the investigation axe summed up in 
lagrams, figs 30 and 31, for the Primary school children and the 
econdary school children, respectively. In the main there are no 
^ I erences between the mean values of the irradiated and non- 
irra rated groups, in spite of the former showing some small de- 
via ions m some of the series. These differences cannot, however, be 
given muc significance, due to the lack of uniformity in the response, 
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Fig. 32, Plasma levels of total calcium in irradiated and control groups of 

Primary school classes. 

also witlim the same time-series of estimations.^ The findings thus 
indicate that a continuous low-intensity ultraviolet irradiation of healthy 
children during the winter does not exert a significant influence on the 
haemoglobin concentration of the blood. 

That the presence of ultraviolet radiation is not an essential factor 
for the maintenance of the haemoglobin level in the blood is further 
supported by the absence of a uniform seasonal variation of the 
haemoglobin concentration in this material. If the ultraviolet ra- 
diation were a specific factor for the formation and the maintenance 
of the haemoglobin content of the blood it would be expected that the 
values of the control groups would decrease during the course of the 
winter and increase during the summer. This is not indicated by the 
present material. 

The administration of a massive dose of vitamin D to the non-irradi- 
ated children of Group III (fig. 31) did not significantly affect the 
haemoglobin level (see p. 121). 

The failure of an effect of the ultraviolet irradiation on the hae- 
moglobin content of the blood of these healthy school children agrees 

^ The comparatively high mean values found in the Primary school groups 
in the analysis of March 1946 (fig. 30) may be due to a systematic error in 
the estimation. The visual photometer readings were in this case performed 
by another person than in the later sel'ies. 
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Fig. 33. Plasma levels of total calcium in experimental and control groups 

of Secondary school classes. 


%vith the now generally accepted view that radiation may be a se- 
condary, additional factor for the restoration of the haemoglobin 
concentration and the red blood cell cormt of the blood in cases of 
secondary anaemia, the 'primary factor for the maintenance of normal 
values, however, always being adequate nutrition (Laurens, 1933, 
1938; Mayerson, 1935; Handbook of Physical Medicine, 1945, p. 285). 
The conception previously prevalent regarding the darkness of the 
winter as the cause of a seasonal variation of the haemoglobin con- 
tent of the blood in infants, with a minimum concentration in spring, 
is now in the main replaced by the view that this possible variation 
depends upon the increased frequency of infections during the winter 
(Barenberg, Friedman, and Green, 1926; Faxen, 1937; see also 
p. 31). Vitamin D deficiency does not itself cause anaemia, and 
anaemia combined with rickets is not cured by antirachitic treatment 
(Bauman, 1928, cit. Mayerson, 1935; see also Schonfeld, 1939). 

Effects on Calcium and Phosphorus Metabolism. 

The plasma level of calcium. 

From figs 32 33 it is apparent that the ultraviolet irradiation 
caused a marhed increase of the calcium level of the plasma, significantly 
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Fig. 34. Plaama levels of inorganic phosphorus in irradiated and control 
groups of Primary school classes. 


occuring in all the irradiated groups during the winter months. 
The elevation was especially marked in the irradiated Primary school 
class (Group IV) during the first term, when the ultraviolet intensity 
in the illumination was highest. 

It is also clearly demonstrated that the untreated control children 
exhibit a uniform seasonal variation of the plasma calcium level, with 
the maximum values in the autumn and the minimum values in the 
late winter months. The amplitude of the variation seems to be 
somewhat larger in the groups of the younger children. By means 
of the UV-illumination system employed in the classrooms this seasonal 
variation is cancelled, with the calcium concentrations maintained at 
the height of the normal autumn level. 

Single values as high as about 12.5 mg % were found in some of the 
irradiated groups during the winter and in all groups at the autumn analysis. 
There is no reason to assume that the calcium levels reached by the artificial 
irradiation fall above the normal upper limit of it. The standard deviation 
(a) of the samples varied between 0.3 and 0.6 mg % in both the irradiated and 
control groups, and -with an average of about 11 mg %, as found in the autumn 
analysis, single values should he expected to reach the range about (11 + 3 • o) 
mg %, i. e., about 12.5 mg %, due to the random distribution. 

In the groups containing children of both sexes it was noticed in 9 out of 11 
such samples that the calcium concentrations of the plasma were higher among 
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Fig. 35. Plasma levels of inorganic phosphorus in experimental and control 
groups of Secondary school classes. 


the girls. The difference was statistically significant in some of the series, but 
the mean difference between girls and boys during the whole period of the in- 
vestigation was only 0.2 mg %. 


The plasma level of inorganic phosphorus. 

The variations of the plasma concentration of inorganic phosphorus 
is seen from figs 34 and 35 for the groups of Primary and Secondary 
school children, respectively. The effect of the irradiation was not at 
all so pronounced as for the calcium concentration, but some increa- 
sing effect during the winter months seems probable. The significance 
of the difference found between the combined irradiated Groups I 
and II and the control Group III in the analysis of December 1946 
(fig. 35) corresponds to a probability of about 0.01. The compara- 
tively very high mean value obtained in May 1946 in the irradiated 
Group IV (fig. 34) was checked by double determinations on about 
half of the same children, after an interval of one week. It should 
be pointed out that this sudden increase of the phosphate level 
occured after the irradiation had been removed for about one month. 

It is also seen from the figures that the results do not indicate any 
pronounced seasonal variation of the plasma inorganic phosphate 
concentration in this material. As for the haemoglobin variations 
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Fig. 36 . The relative levels of the plasma activity of alkaline phosphatase 
in irradiated groups compared with control groups in the Primary school classes. 

the failure of a marked effect of the artificial irradiation during the 
winter in combination with the absence of a seasonal variation may 
be taken as evidence that ultraviolet energy is not the main factor 
influencing this blood level in children of school age. 

The phosphatase activity of the plasma. 

In figs 36 and 37 for the Primary and Secondary school children, 
respectively, the 90 per cent probability range of the means of the 
non-irradiated control groups have been plotted around a relative 
value of 100 in all the series of determinations, and the means of 
the experimental groups are expressed as the percentages of the cor- 
responding control group. It is seen that in most of the series of ana- 
lyses carried out during the winter and spring months there was a 
significant decrease of the alkaline phosphatase activity in the blood of 
the irradiated children. 

A measure of the seasonal variation of the phosphatase activity was, 
for methodical reasons, only obtainable during the period March — 
October 1946, including three series of estimations. The only children 
followed consistently over this period were those of Groups I and 11, 
and. the values found for them by the method of Lundsteen and 
Vermehken are summed up in fig. 38. The marked decrease of the 
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Fig. 37. The relative levels of the plasma activity of alkaline phosphatase 
in experimental groups compared with control groups in tho Secondary 

school classes. 

blood phosphatase activity normally occurring during the summer 
season is demonstrated, and it seems reasonable to assume that the 
low Slimmer value can be mahitnined by the continuous ultraviolet ir- 
radiation during the winter. 

The Vitamin D Experiment. 

In order to study if the blood effects observed with the children 
of the UV-illuminated groups during the winter could be obtained 
simply by a supplementary administration per os of vitamin D, the 
following preliminary trial was made. 

For several reasons, however, it was not possible to organize this trial on a 
scale sufficient to be expected to yield significant and reliable results. The only 
possibility left was to give a massive dose of pure vitamin D to a limited num- 
ber of the control children at mid-^vinter and study the effects of this. A better 
treatment of the question would obviously have been to provide for a conti- 
nuous and sufficient supply of vitamin D during the whole winter, and to use 
a material sufficiently large to permit general conclusions. The intentions of 
this trial are only indicative. 

At tlie beginning of the spring term 1947 (Jan.— Feb.) a dose of 
250,000 I. U. of vitamin Dg (calciferol in oil; “Ultranol fortior”, con- 
taining 250,000 I. U. per ml) was given to every second boy of the 
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Fig. 38. 
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Seasonal course of the plasma activity of alkaline phosphatase in 
the Secondary school classes for the summer half-year. 


control Group III (aged about 11 yeaps). The vitamin was administered 
per os, mixed in a small amount of milk, and divided into two equal 
parts given with an interval of two weeks. The other boys of the 
class were given at the same times some paraffin oil in the milk, un- 
conscious of the difference. After about one month new blood samples 
were taken and analysed as before with regard to the concentration 
of calcium, inorganic phosphorus, alkaline phosphatase and haemoglo- 
bin. The results obtained are shown by the pointed rectangles in the 
previous' diagrams. It is seen that there was no significant effect of 
the vitamin D administered in any of these respects. 

With regard to the small sample studied and to the manner of 
administration employed it would, however, be wise to postpone any 
decisive statement on this question until further experiments are 
carried out, with larger samples and with a continuous administration 
of the vitamin during the winter. The failure of an effect on the 
blood constituents should be compared with the effect obtained 
on physical fitness (p. 144). 

Discussion. 

It is shown that the calcium and phosphorus metabolism, as re- 
flected primarily by the plasma concentrations of total calcium and 
alkahne phosphatase, is subject to a seasonal variation in Swedish 
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school children of 7 — 10 years of age with a presumed adequate diet. 
The plasma level of cahium showed a decrease during the course of 
the winter with the minimum values reached about March, and an 
increase during the summer to a maximum value in September or Oc- 
tober. The activity of the alkaline phosphatase in the blood varied 
according to a seasonal curve which is the inverse of that for the cal- 
cium level, i. e., with the njaximum value in spring and the minimum 
value in autumn. The level of inorganic phosphorus in the plasma re- 
mained almost unchanged during the course of the year, and the 
same was the case with the haemoglobin level. 

The variations of the calcium and phosphatase levels in the blood 
were completely counterbalanced by a continuous low-intensity ultra- 
violet irradiation of the children during the winter, applied by means 
of the TJV-illumvnation system in the classrooms. The values were 
maintained at the normal autumn levels, which may be regarded as 
constituting the optimal condition for the calcification of the growing 
bones. There was also some increasing effect of the irradiation on 
the plasma concentration of inorganic phosphate, but this was not 
so marked as for the calcium and phosphatase concentrations. Thus, 
the effects of the artificial irradiation during the winter were first seen loith 
those functions which otherwise exhibit a marked seasonal variation. 

It seems reasonable to assume that these effects of the UV-illu- 
mination system are due, in the iivstplace, to ^photochemical formation 
of vitamin D and related substances in the skin of the irradiated children. 
The mechanism of the vitamin D action on the human body is, among 
other things, to increase the net absorption of calcium from the in- 
testine (Nicolaysen, 1937; Gbeenberg, 1939, 1945), while the effect 
on the phosphorus absorption is less pronounced (Cohn and Green- 
berg, 1939). An early symptom of vitamin D deficiency in infants 
is the increase of the activity of alkaline phosphatase in the blood, and 
the elevated phosphatase values are brought back to the normal 
values by administration of vitamin D (see Tolley and ELay, 1936.) 

The vitamin D experiment carried out in this investigation, with 
the administration of a massive dose of calciferol (250,000 I. U.) 
to non-irradiated children in mid- winter did not, however, reproduce 
the irradiation effects on the calcium, phosphorus and phosphatase 
levels in the blood. With regard to the small sample treated and the 
mode of administration of the vitamin too much significance cannot, 
however, be attached to this isolated result. 
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Fig. 39. Theoretically deduced variation of the accumulation in the body 
of solar-formed substances in relation to the variation of the solar intensity, 
(After Horstmann and Petersen, 1946). 

The seasoTial variation recorded, for the calcium and phosphorus me- 
tabolism follows the annual course expected for the influence of such a 
substance as vitamin D, which is mainly supplied to the body by the so- 
lar ultraviolet radiation and is balanced in the body metabolism over the 
year. The accumulation of such a substance in the body should in- 
crease during the time of the year when the formation is greater than 
the consumption, that is, during the summer half year, and the maxi- 
mum storage in the body should be expected around the autumn 
equinox (23. September in the northern hemisphere) and the mini- 
mum storage around the spring equinox (21. March). The annual 
course of the incidence of rickets and spasmophilia in infants in Den- 
mark is recently shown by Hokstmann and Petersen (1946) on a 
large material to follow closely such a theoretically deduced annual 
curve of the vitamin D accumulation in the body (see fig. 39). It is 
presumed that the rate of consumption is constant over the year and 
that the amount of the vitamin consumed in the year equals the 
amount formed by the solar radiation. 

The seasonal variation actually recorded for the calcium and phos- 
phorus metabolism of the children thus gives evidence for the fact 
that the reduction of the solar radiation during the winter was not 
sufficiently replaced by the normal winter-diet alone to maintain the 
optimal condition fowid in summer and autumn, and the important 
role played by the ultraviolet radiation is directly proved by the UV^- 
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illumination effects. The autumn levels of calcium, phosphorus and 
phosphatase in the blood may he regarded as optimal, since they arc 
farthest away from the conditions characterizing rickets (of. Shokl, 
1939). 

Hemakh (1937) found that after a single massive dose of vitamin D the 
liver and the blood plasma of rabbits maintained antirachitic properties for 
8-^12 weeks, and Wakkaky, Guest, and Grabill (1942) have reported that 
dried powder of human blood serum is antirachitic for three to six months after 
the administration of 500,000 I. U. of vitamin D. These findings indicate that 
the storage of vitamin D in the body from the summer sunshine must he consid- 
erably reduced during the course of the winter if no other sources of the vitamin 
supply arc present during this season. The very low intensities of antirachitic 
ultraviolet radiation prevalent in the natural outdoor daylight during the 
winter at the latitudes of Scandinavia is mentioned previously, and the limited 
supply of vitamin D hy normal foodstuffs is welJknouTi (see I3 ickn"ELI/ and 
Prescott, 1946, p. 652). It is obvious that there really exists a latent risk of 
vitamin D deficiency in humans during the late winter months. 

Previous investigations on seasonal variations of the blood content of calcium, 
inorganic phosphorus and alltaline phosphatase have only been made on babies, 
i. e., at the age of the infant when it is susceptible to the roentgenological mani- 
festations of vitamin D deficiency. Bakwun and Bakwin (1927). reported such 
a seasonal variation of the calcium concentration of infant’s serum from 8.5 
mg % in February — March to about 11 mg % in August — September, Hess 
and Lundagen (1922) and Bruttn (1927) have described a similar annual couise 
for the plasma concentration of inorganic phosphate in infants about tw'clvc 
months old, and Vermeiirbn (1938) found a marked decrease of the phosphatase 
activity in the blood of small infants during the summer. These variations are 
ascribed by all the authors to the variation of the vitamin D supply due to the 
seasonal variation of the intensity and duration of the solar ultraviolet radiation. 

The question, however, arises whether all the effects of ultraviolet 
irradiation on the calcium and phosphorus metabolism are due solely 
to an increased supply of vitamin D, or if there is also a hypercdlcaemic, 
“calcinosis" effect involved. This would mean that at least part of 
the rise of the calcium level in the plasma is due to a dissolution of 
calcium compounds from the bones instead of, or combined with an 
increased absorption from the intestine. Such a calcinosis effect of 
ultraviolet radiation, due to the formation in the skin of a substance 
related to A. T. 10 of Holtz, has recently been assumed by Brock- 
MULLER (1940) and Ppeipeer (1942). 

An early blood-chemical symptom of a vitamin D deficiency in infants is 
nsua y a a o the concentration of inorganic phosphate in plasma or serum, 

esi es an increased activity of phosphatase, while a drop of the calcium con- 
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.centration occurs first in later stages (see, .e. g., RoirirNGEB, 1939; Clements, 
1946). The most marked effect both of the artificial and natural ultraviolet ir- 
radiation of the children was in this investigation found on the calcium level, 
and the least effect on the inorganic phosphate level. However, the metabolic 
effects of vitamin D deficiency in older infants, as involved in this investigation, 
are not so wellknown; the hypophosphataemia is said to be less pronounced than 
in the common form of rickets, connected with the normally occurring decrease 
of the phosphate level in blood with age (Schonfeld, 1939). In adults, ultra- 
violet irradiation during the winter is found by Pontek (1939) to cause an in- 
crease of the serum calcium concentration to the normal autumn value of 10.5 
mg per 100 ml, but without significant effect on the inorganic phosphate con- 
centration. BkockmuIiLeb (1940) found a rise of serum calcium of about 0.5 
mg per 100 ml after ultraviolet irradiation (“Hbhensonne”) of 17 normal adults, 
and ascribes this effect, as mentioned above, to a photochemical formation in 
the skin of a calcinosis factor related to dihydrotachysterol (A. T. 10, see Holtz, 
1934, 1939). The increase was somewhat higher in winter. Pfeiffer (1942) 
•reported the same findings, based on a material of 33 normal adults, and agrees 
with the theory of Brockmuller. The effect on the inorganic phosphate in 
the serum was not studied in either of these investigations. The serum calcium 
increasing effect of ultraviolet irradiation was noted already by Rothman 
in 1923. 

Among the intermediate products in the photochemical conversion of pro- 
vitamin D to vitamin D, at least tachysterol is known to have a calcinosis effect, 
which, however, is only 1/10 of that of A. T. 10 (see Rosenberg, 1945). The 
antirachitic effect of these compounds is very small. The amount of A. T. 10 
needed to raise the serum calcium concentration is as high as 2 mg per day, while 
the amount of calciferol, or vitamin Dg, which prevents or cures rickets is only 
about 25 \ig per day (= 1,000 I. U.; see Cohn, Cohn, and Ahb, 1942). It is 
evident that some part of the provitamin D present in the skin during ultravio- 
let irradiation remains at the tachysterol stage, and may be converted into 
more active forms, but it seems doubtful that the irradiation of a small skin 
area can leave amounts of tachysterol sufficient to give an increase of the serum 
calcium in this way. Irradiated ergosterol preparations (viosterol) contain about 
50 per cent calciferol (vitamin Dj), the antirachitic principle, and some of the 
remainder is tachysterol (McLean, 1941). In a study of adolescent healthy 
monkeys (Macacus rhesus) for the effect of small doses of a concentrated pre- 
paration of viosterol, Cowdry and Scott (1936) did not find evidence for the 
calcium level being significantly affected, but a marked rise of the phosphorus 
concentration was apparent. The doses of the viosterol preparation used were 
in all cases far in excess of what might be expected to be therapeutic for the 
monkeys in question. 

Over-irradiation of vitamin D results in the formation of toxisterol 
(substance 248 ), which is knovm to cause hyper calcaemia and meta- 
static calcifications when given in toxic doses. Direct irradiation of 
the skin with ultraviolet is, howler, said never to cause such toxic 
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symptoms (Holtz and v. Bkand, 1932; Dodds, Eobertson, and 
Roche, 1934). Rosenberg (1945) writes: “The deleterious effect ob- 
served on the normal organism upon over-irradiation is independent 
of vitaminization. This suggests that a special protective mechanism 
exists in the body, probably in the skin, which takes care of the 
potential effects of an over-irradiation of the provitamin D.” 

The material of this investigation does not permit a causal inter- 
pretation of the changes recorded for the calcium level, as this pre- 
sumes an exact study of food and excretion, retention and balance of 
the calcium and phosphorus compounds. It does not seem, however, 
justified to regard the effects of the ultraviolet irradiation on the cal- 
cium level as toxic, but, on the other hand, the possibility can not be 
excluded that this irradiation effect involves further mechanisms than 
just the formation of vitamin D. A possible bone-dissolution effect 
of ultraviolet irradiation could be appropriately studied by means 
of the radioactive isotopes of calcium and phosphorus, used by 
Greenberg and Cohn in the studies of the mode of action of vita- 
min D (Cohn and Greenberg, 1939; Greenberg, 1945). 


CHAPTER 11. 

Efiect on Physical Fitness of the Children. 

Based upon the reports of Lehmann and Szakall (1932 a-b, 
1944) on the improving effect of ultraviolet irradiation of man upon 
the capacity and efficiency for performing physical exercise, which 
in different ways have been supported by, among others, Mosch- 
KowsKY (1936), Parade and Otto (1939) and Allen and Cureton 
(1945), it was decided to study the UV-illumination system regarding 
this effect also. The inherent difficulties in obtaining valid and reliable 
information on the fitness for physical exertion of children were 
clearly realized, but the problem was simplified as the main purpose 
of the study was to look for possible variations of the 'physical fitness 
of the same individuals during the time of the investigation. 

The important choice of the method of test was influenced by the 
desirability of testing large samples of children in short intervals and 
without too much interference with the school timetable. Any test 
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of the maximal physical performance (until exhaustion) was considered 
unsuitable for application to this child-material, as all such tests are 
influenced too much by the subjective motivation of the individual 
to give valid and reliable information, and they also involve some 
elements of risk. The method finally employed was a set of cardiovas- 
cular tests tt'pplied during a continuously graded work on a bicycle 
ergometer. In the main the procedure employed is based on the me- 
thod described by Lehmann and Michaelis (1941). The cardiovascu- 
lar measurements, which were made during the working period, in- 
volved determinations of blood pressure and pulse rate, and the fol- 
lowing criteria of fitness were used; 

1. the total amount of work (in kilogram-meters, kg. m) performed 
until the product of pulse rate and pulse pressure reached the numeri- 
cal value 10,000 (Lehmann and Michaelis), 

2. the pulse rate at 5 minutes after the beginning of the work, 
when the amount performed was just 1,000 kg. m, and 

3. the pulse pressure after 5 minutes. 

In different ways these criteria give an estimation of the stress 
caused by a moderate muscular work on the cardiovascular system of 
the subject. A large amount of work performed until the product of 
pulse rate and pulse pressure equals 10,000, and, consequently, low 
values of the pulse rate and pulse pressure after a moderate standard 
amount of work, indirectly indicate a high, latent capacity for heavy 
work, at least in normal healthy humans. The actual values of the 
fitness-indices obtained by these tests on a population depend, partly, 
on the muscle mass of the subject and, partly, on the general working 
efficiency of the body. Significant variations of the fitness of the same 
individual during short intervals of tests, without involving any spe- 
cial physical training, must, however, be primarily due to a change in 
the efficiency of the muscular and cardiovascular system to withstand 
the stress caused by a sub-maximal physical exercise. A detailed ac- 
count and discussion of the method employed is given below. 

It was found that in the homogeneous samples of the school classes 
involved in this study the values of fitness obtained by these methods 
were distributed in close agreement with the normal random distri- 
bution curve. The material has then been treated in accordance with 
usual statistical methods of normal random samples. The mean values 
of the groups are evaluated by the t-test and reproduced in diagrams as 
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Table 10. Scheme of Tests on Physical Fitness. Only Boys. 


Time 

Group I 

Group It 

Group III 

Jan.— Feb. 1946 

26 

23 



April 1946 

21 

20 

— 

May 1946 

20 

24 

— 

Sept. 1946 

— 

23 

23 

Dec, 1946 

■■ 

23 

23 

March 1947 

— 

1 

17 

281 


* 14 of whom had received vitamin D. 


rectangles showing the 90 per cent probability range of the real mean, 
as was also employed for the results of the blood analyses (see p. 108). 
It should be noted that the significance of possible differences be- 
tween two means of the same group on different occasions (seasons) 
must be evaluated with respect also to the correlation between the 
samples; the displacement of the rectangles decidedly under-estimate 
such a significance and may not be used for an estimate of it. 

Only the boys of the Secondary school classes (Groups I — III, see 
fig. 29, p. 105), aged 10 — 11 years, have been subjects of the in- 
vestigation. The time scheme and the number of individuals in the 
six series of tests carried out is shown in Table 10. 


The Test Methods Employed. 

The Physiological Basis. 

The problems concerning measurement and evaluation of fitness 
for physical exercise have been particularly treated during the years 
of the recent war, and some of the prominent works carried out are 
reviewed by Simonsson (1944), H. L. Taylor and Beozek (1944), 
C. Taylor (1945), and Karpowich (1947). Only some orientating 
notes will be given here, mainly referring to the specific questions of 
the present investigation. 

The internal human factors influencing the maximal amount of 'physical 
toork an individual can perform in a given situation, as in repeated, constant 
laboratory tests on his fitness”, may be schematically divided into the fol- 
lowing groups: 

9 — 4847 Ronge 
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1. the actual mass of muscles available for the work (the morphological fac- 
tor), 

2. the 'poiver wnd effectiveness of the muscle contractions (involving a metabo- 
lic, biochemical factor), 

3. the degree of optimal innervation and coordination of the muscles (the 
central nervous factor), 

4. the power of adaptation of the respiratory and cardiovascular systems to 
the increased demand of oxygen (the oxygen-supply factor), and 

5. the psychological factors. 

All these factors may vary considerably between different individuals, thus 
giving their real, but difficult to estimate grading with respect to the abso- 
lute working capacity. The only defensible a priori criterion of the fitness of 
a man for heavy physical exercise is, as C. Tayix)R (1944) states, the amount 
of such work the man can do until exhaustion. This limit is, however, always 
a subjective one, and is decisively influenced by the optimal motivation and 
interest of the subject. Tests based on this criterion require an intelligent 
cooperation of the subject if reliable estimations should be obtained. It is 
obvious that such maximal performance tests are applicable mainly in labora- 
tory investigations on selected material and not suited for a field-investigation 
like the present one on school children. 

The way most commonly used for the estimation of physical fitness is, there- 
fore, the application of suh-maximal performance tests. In these the response of 
some physiological factors to moderate physical work is measured and used as 
an indication of the latent capacity for heavier work. The criteria commonly 
used in such tests are cardiovascular in origin (as in, for instance, the Schnei- 
der test), but others have also been employed, as the blood concentration of 
lactic acid after the work, the respiratory exchange and the pulmonary ven- 
tilation, etc. The reliability of all such submaximal criteria must be controlled 
with respect to the correlation they offer to the real maximal performance, 
C. Taylor (1944) found in such a study that the most useful and reliable 
single criterion in sub -maximal tests on working capacity is formed by the 
pulse rate after a standard^ moderate amount of work. The correlation found 
between the pulse rate during walking on a tread-mill and the time-run to ex- 
haustion was — 0.56, while multiple correlation of pulse-rate, pulmonary ven- 
tilation in liters/min., and blood lactate concentration in the sub-maximal 
phase of the test only gave the slightly better value of 0.63. By using special 
heart-rate curve functions a correlation of 0.90 could be obtained. In maximal 
work tests, on the other hand, the increase of pulmonary ventilation and related 
functions is the most reliable objective index of approaching exhaustion (C. 
Taylor, 1942). 

When a variation of a cardiovascular criterion is observed on the same subject 
during the course of repeated tests, and the influence of psychological and en- 
vironmental factors as well as any significant growth of the muscles can be 
excluded, the primary reason must he looked for in a variation of cither the mo^ 
tor efficiency or the cirdiovascidar response, or both. The motor efficiency may 
be expressed by the mechanical efficiency coefficient, i. e., the quotient of the 
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Fig. 40. The grading of the work (work intensity) and the total work per- 
formed at different times during the ergometer test. 


The reliability of this product for the estimation of the minute volume was 
first studied by Liljestrand and Zander (1928). It was found to be an ap- 
proximately constant relation for the same individual in work tests, the product 
however rising more and also faster than the minute volume. A somewliat 
better correlation was found by using the “reduced” pulse pressure, i. e., the 
percentage of the pulse pressure to the mean blood pressure (see also Aperia, 
1942). If, therefore, the product used by Leitmann and Mjchaelis only gives 
an approximate estimation of the minute volume, the criterion involves the 
advantage to fitness-tests of also including the pulse-rate function. The latter 
may of course also be treated separately as a fitness -criterion. 

According to the description of Lehmann and Michaelis the test person 
should work on an ergometer bicycle with the work load continuously increasing 
at a constant rate. The initial output is adjusted so that the work intensity 
per square centimeter of the calf cross-section is similar for all the persons. 
The time until the product of pulse rate and pulse pressure reaches the numerical 
value 10,000 is the measure taken of the fitness. It is claimed that in this way 
the method gives a reliable grading of different individuals according to their 
fitness for physical work. 

The main purpose of the work tests carried out during the present investig- 
ation was to follow the development of the physical fitness of the same in- 
dividuals in a rather homogenous sample, without intending to obtain a grading 
of the different individuals. Because of that no differentiation has been made 
of the initial load intensity, so that the test has been exactly similar for all the 
children and in all of the scries of tests carried out. 
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Fig* 42. A typical diagram plotted for a work test on the bicycle ergo« 
meter; such diagrams were plotted for each test carried out. — The initial 
peak occurring after 1-2 minutes is typical, showing the )>warm-up» of the 
subject (cf. WiGGEBS, 1945, p, 917). 


During the work on the ergometer the blood pressure and the pulse rate were 
determined every minute. Afterwards, the pulse pressure, i. e., the difference 
between systolic and diastolic reading, was calculated, and the corresponding 
product of the pulse pressure and the pulse rate was quickly computed with the 
aid of the nomogram seen in fig. 41. The values obtained during every test were 
plotted in diagrams as shown in fig. 42. The time until the product of pulse 
rate and pulse pressure reached the value 10,000 was obtained by freehand inter- 
polation in the diagram, and the value was converted into kilogram-meters of 
work performed by use of equation (2) given above. The pulse rate and the 
pulse pressure at 5 minutes from the start of the test {P = 1,025 kg. m) were 
also obtained in similar ways from the diagrams. 

In some of the series carried out attempts were also made to obtain in- 
formation of the maximal -performance of the child. He had then to continue the 
work until he could no longer maintain the pedalling rate. The very subjective 
character of this “exhaustion” limit was apparent and could be clearly de- 
monstrated by introducing simple encouragements and such like. 

The blood pressure determinations were made auscultatory with the bell of 
a membrane stethoscope attached with an elastic bandage over the cubital 
fossa below the armlet (width 12 cm). The tubes of the manometer and the 
ump of the armlet were drawn and fixed to a table besides the ergometer, where 
the operator had his place. The pressure readings were made with the arm 
hanging slack, when the armlet was at the heart level. In this way there were 
usually no difficulties in making exact readings during the first minutes of the 
work when the load was still at low values, later becoming more difficult due 
to the muscle strain and shrugging of the child. However, in almost all casc.s 
the readings could be performed with sufficient accuracy until the required 
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sub^maximal criteria had been obtained. For the product critoion the time 
value varied for most of the cases between 5 and 8 minutes, while the time to 
exhaustion was usually 7—10 minutes. The pressure readings were usually 
corrected to the nearest 5. The diastolic pressure was read at the beginning of 
the last muffled phase of the disappearing sound (“the fourth phase of Kohot- 
Kow“). The determinations of the pulse rate were made by counting 10 beats 
heard by auscultation with a supra-diastolic pressure npplicd. 

Thc tests were always made in the morning between 8 and 11 a. m. and on 
about 10 boys daily. The tomperaturc and humidity of the environment were 
always controlled and kept as constant as possible. The great importance of 
the psychological “atmosphere” during the tost was well realized, and all 
sources of disturbances were eliminated. Great care was devoted to make the 
boys familiar with the method, and their initial nervousness was usually quicklj'” 
lost. The tests soon become a kind of sport for the boys, which increased their 
interest and counteracted any fear of the test. A control of the emotional 
status was always made by frequent measurements of blood pressure and pulse 
rate before the start of the test, with the boy placed on the ergomoter. All cases 
of apparent nervousness as well as any case complaining of discomfort or chill 
are of course excluded from, the final treatment of the data. 

In the first series of tests carried out (Jan. 1946) the girls of Group III were 
also included. It was, however, found considerably more difficult to obtain 
reliable estimations on them than on the boys, mainly due to their nervousness 
and fear of the test. As the irradiated groups did not contain girls, the fol- 
lowing tests were made only on boys. 

Undoubtedly it would have also been of value to follow the variations of the 
resting pulse rate and blood pressure values of the children. To get the true 
resting value, however, the resting period must be at least 20 minutes (cf. 
Collet and Liljestrand, 1924 a) and this would have completely spoiled tlie 
time scheme of the investigation. 


Experimental Control oi tlae Method. 

The control of the reliability and accuracy of the tests has consisted of the 
following studies. 

The frequency distribution. When the first series of determinations 
were made in January 1946, comprising 46 boys and 11 girls, the results were ex- 
pressed as the time in minutes until the product of pulse rate and pulse pressure 
had risen to 10,000 (the product criterion). The frequency distribution curves 
formed by the fitness -values in this unit were, however, rather skew in some of 
the groups. If the values, on the other hand, were expressed with the total 
amount of v.'Ork performed until the criterion was reached as the unit, the distri- 
bution curves were usually in closer agreement with the normal distribution 
curve. Tl^ combined material with this unit for the first and the fourth series 
was teste by the ^^-square method with respect to the deviation from the 
norma ‘stribution curve (see Kemp, p. 112), and no significant deviation was 
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Fig, 43. The frequency distribution of scores of physical fitness obtained 
by the product criterion (full-line histogram). The dotted lines show the 
theoretically expected distribution. 


estimable (fig, 43). The latter measure was then considered more suitable to use 
for comparisons between the different samples and series of determinations, 
as the material could be treated in an ordinary statistical manner. 

A statistical analysis carried out at a later stage of the investigation showed, 
however, that neither did the frequency curve obtained Avith the time values as 
unit deviate significantly from the normal distribution curve. This simpler 
unit may thus be applied as well as the unit used in this investigation. 

The pulse rate and the pulse pressure at 5 minutes from the beginning of 
the test (the pulse rate and the pulse pressure criterion, respectively) were also 
shovm to be distributed in full accordance with the normal curve, thus permit- 
ting the usual statistical treatment of the data obtained. 

The reliability of the estimations. Three or four tests were made on 
each of 11 boys at different times of the same dayy Avith the results of the 
product criterion given in Table 11. It is seen that the morning values were 
usually the lowest, rising until about noon. The differences are, however, com- 
paratively small in most cases, and seem not to be markedly influenced by the 
meal taken about noon. The coefficient of variation (V) in the day-series is 
seen to vary between 5 and 30 per cent, with the mean variability 10 per cent. 

Further, double delerminations were carried out on 23 boys with an interval 
of some days, all tests being made in the morning. In most of the cases the maxi- 
mal performance was also estimated. From these pairs of estimations the 
Tetcst-reliability coefficient (rj|) was calculated for all the criteria used (cf. p. 107), 
with the results given in Table 12. The reliability coefficient gives an esti- 
mate of the random variations of the method and the individual factors affecting 
the score. To get from this an estimate of the effect of these errors in producing 
divergencies of obtained scores from their true counterparts, the standard error 
of a single score obtained is calculated according to the formula (Garret, 
1947) 

Cico = Ci ]/ 1 — rii 

where Oj = the standard deviation of the test scores. This “standard error of 
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Table II. Daytime Variations of Scores of Physical Fitness 
(Product Criterion, kg.m). 


Timo of 

Subject 

8—10 

a. m. 

10—12 

a. m. 

13—14 

p.m. 

14—16 

p.m. 

M 

c 

V 

a 

— • 100 
M 

R.F 





mm 

147 

6.3 

G.O 



1,450 


He 

104 

7.8 

G.H 

1,150 


1,350 


Hf 

346 

22.8 

T.J 


— 

2,160 



126 

6.2 

B.G 


1,960 

1,950 


HE H 

123 

6.6 

L.O.A 


— 

2,200 

mSImm 

Hi H 

82 

3.8 

C.K 

5.50 





HE 

226 

29.2 

J.D.i 



1,900 

— 


173 

10.2 

B.N.' 



1,500 

— 


116 

7.1 

0.S.> 

1,250 


800 

— 


260 

23.6 

L.TA 



1,600 

— 


163 

8.6 







Mean: 

9.9 


^ Received 4 g ot calcium gluconate between the first and second test# 
See p. 144. 


measurement'’ may also be expressed as a percentage of the mean of the scores 
in the group, see Table 12. It is evident that the scores of Tnaximal •perfor- 
mance obtained on this material are provided with the greatest errors, both 
relatively and absolutely. The pulse rate criterion, in spite of the low reliability 
coefficient, gives the least effective error of the scores obtained. 

In the important question of how high the self-correlation of a test must be 
to be considered satisfactory, Garret states that in order to distin^ish reli- 
ably between the means of two relatively small groups of narrow range of ability 
the reliability coefficient need be no higher than 0.50 or 0.60. If the test is to 
be used to differentiate between the individuals in the group, however, its re- 
liability should be 0.90 or more. Thus, for the purpose of the present investig- 
ation, the reliabilities of the fitness tests employed may he considered satisfactory. 

The maximal correlation a given test is capable of 3 delding between the 
obtained scores and their theoretically true counterparts may be found by the 
formula 

^■loo = Y 

in which = the reliability coefficient, and = the maximal correlation 
between obtained and true scores (index of reliability). For the product cri- 
terion test, for instance, the maximal correlation should be ^ 0.95 = 0.97; 
when the means of the day-series reported in Table IT are taken as estimates 
of the true scores, the correlation between these mean values and the cor- 
responding observations is found to be 0.95 ± 0.02. 
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Table 12. Reliability and Validity of the Fitness Tests. 


Criterion 


Standnnl Error 

Correlation to Max. 
Performance 


.Absolute 

Value 

Per Cent 
of Mean 

! Obtained 
Value 

Corrected 

Value 

Alaximal Performance 
(kg.m) 

0.64 

470 

16 



Product Criterion (kg.m). 

0.94 

130 

10 

0.40 

0.52 

Pulse Rate Criterion 
(Beats /min.) 

0.74 

6 

i 4 

—0.4(1 

—0.58 

Pulse Pressure Criterion 
(mm. of Hg) 

0.80 

! 1 

1 

5 

8 

—0.2.5 

—0.35 


The correlation to maximal performance. The validity of every sub- 
maximai work test for assessment of physical fitness must be controlled with 
respect to the correlation to the maximal exercise performance. The inherent 
uncertainties in determining the latter on this special material are mentioned 
previously, and it may be expected that the correlation obtained is not the true 
value particularly due to the error of this variable. On a selected material of 
adults C. Taylor (1944) found the retest reliability for time-run to exhaustion 
on a tread-mill to be as high as 0.95, while the corresponding reliability on this 
material is only 0.64 + 0.14. 

Estimations of maximal performance were regularly made on all children 
during the first two series (January and May, 1946), later, after some cases of 
acute over-exhaustion, only random samples from some of the groups were 
tested. A total of 146 maximal performance tests have been made, on about 
80 boys, and the coefficients of correlation for the different criteria from the 
whole material are given in Table 12, column four. 

As the maximal performance criterion as well as the different sub-maximal 
tests are both unreliable, the correlation l)etween the tests and their criterion 
is reduced. In order to estimate the highest correlation the test could theo- 
retically yield between the true scores of these measures, the formula of corrr.c- 
iion for attenuation may be applied, which takes account of the unreliability 
in both sets of measurements (cf. Garret, p. 396); 





in which rooco= correlation between true scores in tests 1 and 2, = correlation 

between obtained scores in tests 1 and 2, and == the reliability coefficient 
of test 1 and 2, respectivelJ^ The corrected values obtained are given in Table 
12, last column, and it is seen that the pulse rate criterion is likely to yield the 
best estmates of maxiinuyn performance, and the value actually found ( — 0.58) 
is in close agreement with tlie correlation found by C. Taylor (1944, cf- p. 130). 
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It is seen that the pulse rate criterion is as effective as the product criterion in 
estimating the fitness for heavy exercise even if the correlation actually obtained 
is used. The pulse pressure criterion has a very small validity in predicting 
maximal performance. 

The relation to body constants. The scores of fitness obtained for every 
boy by the product criterion have been correlated to body Aveight, body height, 
body surface and calf circumference. In this material there was in no case any 
significant correlation, the highest coefficients obtained were for the body height 
(0.34 ± 0.09) and the body weight (0.28 ± 0.10). The assumption was made 
(i priori that the score per kilogram body weight, i. e., the quotient relative per- 
formance (kg. m)/body weight (kg.), could be used as a fitness tndex'^ of the 
subjectj indicating the height (m) to which, under the given conditions he could 
lift his own body weight until the cardiovascular stress rose to the level corre- 
sponding to the approximate minute volume factor of 10,000. As, however, the 
material represented in these series was so homogeneous with respect to the body 
weight it was considered unnecessary to make any such “corrections”. The 
correlation between the relative working capacity, expressed as kilogram- 
meters of work performed, and the “fitness-index” in meters was as high as 
0.94 ± 0.01. 

Comments. Instead of using the product of pulse rate and pulse pressure 
for the product criterion, there has also been employed, in some of the series, 
the product of the Liljestkand — Zander factor (i. e., the reduced pulse pres- 
sure, p. 132) and the pulse rate. The correlation between the scores obtained in 
this way and the scores obtained by the direct product was however 0.87 ± 0.03, 
and the validity was not significantly affected. As the Liljestkand — ^Zander 
factor includes more calculations it was considered more suitable to make 
use of the simpler direct product. 

A practical and reliable indicator of the sensitivity of fitness tests is the in- 
fluence of a chill (see H. L. Tavlor and Brozek, 1944; C. Taylor, 1945). 
A considerable decrease of the score was observed in several cases during this 
investigation in connection with such unpleasantness of the subject, and one 
ease of convalescense from chicken-pox was also clearly indicated by a re- 
markably low score. 


Results. 

The results obtained by the product criterion on working capacity 
are summarized in fig, 44 ^ in. the same kind of statistical diagram as 
was previously used. The ordinate, relative working capacity, gives 
t e amount of work performed until the product of pulse rate and 
pu se pressure during the continuously graded work on the bicycle 
ergometer reached the fked value 10,000. The height of the rec- 
ang e s ow s t e range within which the real mean value of the group 
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Fie. 44. The seasonal course of the amounts of work performed on the 
ereometer before the product of pulse rate and jftilse pressure reached the 
® value of 10,000 (relative working capacity). 


is to be situated with the probahihty of 90 per cent, as determined 
with the aid of the i-test (p. 108). The number of determinations in 
every group, approximately indicated by the width of the rectangles, 
has usually been about 25 (see Table 10, p. 129). The data refer 
only to iO— 11 year-old boys. 

It is evident that the ultraviolet irradiation of the children obtained 
by the UY -illumination system in the classrooms markedly increased the 
amount of work they could perform before this sub-maximal level of car- 
diovascular stress was reached. The effect is highly significant; the 
difference between irradiated and control groups in the late spring 
months 1946 is 56 ± 7 per cent of the mean of the latter group. 

In contrast to the irradiated group, the control group of the first 
(Group II see fig. 29) showed a significant decrease of the score 
rptween the first and second series of determinations (January and 

1. During the summer months a significant increase oc- 

The control group of the foUorving period (Group III, fig. 29) 
Id with a high degree of significance (P = 0.01-0.05), some de- 
Irise between the means of September 1946 and March 1947. The 
« of these seasonal vanations within the same groups 

been evaluated vdth respect to the correlation between the 
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/Ser/es (tij 

Fig. 46. The relation between the increase of score and initial score {pro- 
duct criterion) in the irradiated class (Group I) during the first montlis of 

irradiation. 


samples (see p. 109), and they are not clearly estimable from the 
diagrams. 

Thus, it is indicated that the relative working capacity of the 
control children was subject to a seasonal variation with a mini- 
mum during the spring months and a maximum in the autumn. 


This annual course is the one expected if the “solar accumulation” 
m the body is a dominant factor (p. 124, fig. 39), and the effect of the 
artificial ultraviolet irradiation during the winter could then be sche- 
matically interpreted as a counteraction of a commonly occurring “win- 
ter-” or “spring-fatigue” due -to the absence x)f natural ultraviolet 
radiation. However, an interpretation of the seasonal variation re- 
corded as solely due to solar ultraviolet radiation must be made with 
peat caution; the significant decrease obtained between the first 
two determinations may also be due to the experience of the test 
acquire by both the subjects and the operator during these first 
stages of Its application - overlapped in the experimental group by 

i)!,; of file irradiation - and the increase 

during the sunmer may also be due to the growth of the children or 
to the physical exercise of the hoUdays. The decrease of the- mean 

hahle . Thus the existence of a solar-influenced seasonal variation 

““ 
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Fig. 46. The seasonal course of the pulse rate after a moderate constant 
amount of work on the ergometer. 


The results of the irradiation during the second period (September — 
December, 1946) indicate an increase even beyond the normal high 
autumn level of relative working capacity. The same tendency is 
also observed when the scores are reduced to score per kilogram body 
weight (“fitness-index”, see p. 139), i. e., the effect may not be attri- 
buted to the growth of the children. 

In fig. 45 the increase of score of each irradiated child, obtained 
by the product criterion for the period between the first and 
second administration of the test (Jan. and March, 1946), is plotted 
against the corresponding initial score value. It is indicated that 
the irradiation primarily affected the children with low initial 
scores, while children with high initial scores were less if at all 
affected. 

Fig. 46 gives, in a similar way, the scores of pulse rate after a standard 
amount of moderate work on the ergometer (1,000 kg. m performed 
in 5 minutes). By using this simple but reliable indicator of fitness 
there is also clear evidence for a favourable effect of the irradiation. 
When the differences obtained for the same group between different 
series of tests are statistically treated, i. e., when account is taken of 
the correlation between the samples, a significant decrease of the 
pulse rate score of the experimental ffroups is found during both the 
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Fig, 47, The seasonal course ol the pulse pressure after a rnoderato constant 
amount of work on the ergomoter. 

spring and autunaii periods of irradiation. Tire scores of tfie control 
groups remained about constant in all the tests, thus indicating no 
seasonal variation of the pulse rate score after moderate exercise 
in normal children. 

Finally, fig. 47 gives the variations obtained of the ■pulse pressure 
score, i. e. the pulse pressure measured after 1,000 kg. m of work 
had been performed in 5 minutes. The effect of the ultraviolet ir- 
radiation applied is apparent, and there is also strong evidence in 
favour of a seasonal variation of this cardiovascular response on sub- 
maximal exercise. As a measure of fitness, however, this criterion 
is less reliable than the others (p. 138). An interpretation of the mate- 
rial has shown that the pulse-pressure diminishing effect of the irradi- 
ation or, generally, all the variations observed on the pulse pressure 
scores, are almost entirely due to the systolic blood pressure. The dia- 
stolic pressure after the 5 minutes of work was remarkably constant 
in all the individuals, varying only between the limits 80 — 85 mm of 
Hg. It seems probable that the sense of effort and bodily strain 
during exercise depends, to some extent, on the height of the pulse 
pressure or the systolic blood pressure, and consequently, the irradi- 
ation may have a favourable influence in this respect. 




144 


Tlie Vitamin D Experiment, 

The effect of the massive dose of vitamin D (calciferol) administered 
'pcT os to every second boy of the control Group III at the beginning 
of the spring term 1947 is showed by the pointed rectangles in figs 
44 — 47. It seems highly ’probable that the same effect obtained by the 
ultraviolet irradiation was also gained by the 'vitamin D treatment. The 
significance of the difference between the two halves of the class 
using the product criterion as fitness-measure corresponds to a proba- 
bility of 0.01 — 0.001 that the difference would be caused by chance. 
By using the pulse rate criterion there was also a significant effect 
of the vitamin D treatment; the mean decrease of the pulse rate for 
9 boys tested both before and after the administration of the vitamin 
was 19 beats/min. with the standard error 3.5, thus giying a critical 
ratio, t, equals 5.4, which corresponds to a probability < 0.01 for 
a difference by chance. The reason why this high degree of signifi- 
cance is not so apparent in the diagram, fig. 46, is obviously the high 
correlation between the individual scores in the two samples. The 
prdse pressure criterion also showed a highly significant effect of the 
vitamin D treatment. It should be pointed out that the differences 
obtained cannot be ascribed to a psychological influence, as the con- 
trol children were given sham-doses (paraffin oil) in the same manner 
and at the same times as the experimental children had their vitamin 
doses. 

As in the case of the lack of an effect of the vitamin administration 
on the blood constituents it must, however, also be emphasized here 
that the material treated has been too small to permit a general con- 
clusion regarding the influence of vitamin D on the performance of 
physical work. 

A calcium ingestion experiment. In order to study whether an ele- 
vated level of total calcium in the plasma may affect the point scores of the 
test, four out of the eleven hoys studied for possible daytime variations (p. 137, 
Table 11) were given 4 g of calcium gluconate per os between the first and 
second administration of the test. By repeated analyses of the blood an in- 
crease of the plasma level of calcium was found by, on the average, 0.5 mg % 
two hours after the calcium ingestion. There was in no case any effect ob- 
served on the score points of the test. 
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Discussion. 

It is shown that a continous low-intensity ultraviolet irradiation 
of school children, applied by means of the special UV-illumination 
system employed, markedly increased the scores of physical fitness 
of the children, as estimated by a battery of submaximal cardiovas- 
cular tests. The effect was particularly pronounced during the winter 
and spring months when there was a tendency for a decreasing score 
among the control children. The summer vacation was followed by 
a significant increase of score for the control children but did not 
influence the previously irradiated children. Further it has been 
shown very probable that the same effect obtained by the irradiation 
is also reached by the administration of a massive dose of vitamin D 
(calciferol) in the mid-winter. 

In interpreting these findings it is suitable to distinguish between 
the two questions involved, i. e., firstly, the effect of the artificial ir- 
radiation on fitness and, secondly, the 'prevalence of a seasonal vari- 
ation of fitness among normal children. 

The significance of the irradiation effect is without doubt and the 
present findings are only to be added to the previous studies carried 
out (Lehmank and Szakall 1932 a-b, 1944; Moschkowsky, 1936; 
Paeade and Otto, 1939; and Allen and Cureton, 1945). An impor- 
tant conclusion from the present study is, however, that the fitness- 
improving effect of ultraviolet irradiation may also he obtained hysuh- 
erythemal exposures. Lehmann and Szakall in the later paper (1944) 
stated, indeed, that an erythema of the skin was necessary for an ef- 
fect, and the irradiation effect is assumed to be due to erythemal 
substances liberated in the skin. Parade and Otto on the other hand 
assumed the effect to be due to formation of vitamin D, acting 
upon the adrenal cortex. The vitamin D experiment carried out in 
the present investigation strongly supports the assumption of a vita- 
min D action, and the possible role of erythema seems doubtful. 

The hypothesis of a vitamin D action is of interest to combine with 
the studies carried out by Raiha et al. (1937), later extended by 
Peitsara (1944), regarding the influence of vitamin D on the meta- 
bolic processes and the working capacity of isolated muscles. The 
importance of phosphorus for the energy-liberating chemical pro- 
cesses mvolved in the muscle contraction is a well-known fact, as 
well as the importance of vitamin D for the internal phosphorus 
iO — 4847 H. Ronge 
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metabolism. There is, however, besides the above mentioned studies, 
comparatively little work carried out on the influence of vitamin D 
on muscle work and muscle metabolism, in spite of the api3arent 
muscle hypotoni associated with rickets (for literature see Peitsara, 
1944). In recent reviews of physical performance in relation to 
tamins and diet (Keys, 1943; Henschel, 1943), the vitamin D is 
not even mentioned. 

The results obtained by Raiha et al., and Peitsara may be briefly sum- 
marized as follows: 

1. Tetanus-stimulated normal muscles of young rabbits or dogs show a 
marked increase of inorganic phosphorus and a moderate increase of hexose 
phosphates during the work. In rachitic muscles the increase of the concentra- 
tion of hexose phosphates is much greater than in normal muscles, Avith a cor- 
responding decrease in the liberation of inorganic phosphorus. No difference 
of the initial concentration of the phosphate -spenders (i. e., phospho- creatinine 
and adenosintriphosphate) Avas observed betAA^een the normal and rachitic 
muscles. 

2. The administration of a large dose of vitamin D to the rachitic animals 
immediately (after one day) breaks doAvn this accumulation of hexose phos- 
phates in the muscles. Such a high dose of vitamin D to normally-fed rabbits 
also counteracts the moderate accumulation otherwise occurring in their mus- 
cles during the Avork. The concentration of inorganic phosphorus is markedly 
increased in both of these cases. 

3. The strength and AA^orking capacity of isolated muscles from rachitic dogs 
are considerablj’’ smaller than for healthy dogs (Peitsara). A large dose of 
vitamin D restores the Avorking capacity in a striking manner to the normal 
value, or even higher, the effect appearing after only one day. 

These studies indicate that one of the actions of vitamin D in 
the body is an activation of the breakdown of ester 'phosphates accumu- 
lating in the muscles during work, Avhich at least in rachitic animal 
is followed by an increase of the working capacity of the muscle. 
That vitamin D in some way favours the conversion of organic phos- 
phorus to inorganic is also reported by Cohn and Greenberg (1939). 
Some connection may exist between the vitamin D influence and 
the possible benefit to physical performance derived from high 
phosphate intakes which has been claimed especially hy German 
authors (see Baur, 1936; Atzler, 1939); Keys (1943) gives a 
critical review of this particular field. 

There are also, of course, other possi!)iIities for the explanation of the ultra- 
violet irradiation effect on the criteria used in the sub-maximal tests applied. 
The cause of the action may be sought in each of the Ha'c primary facturs pre- 
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viously mentioned as affecting the working capacity of an individual (p. 130); 
the influence of psychological factors, however, may he regarded as suffici- 
ently eliminated. The possibility of an effect on the cardiovascular sy.stein 
ought to be considered. It has been known for a long time that ultraviolet 
irradiation eauses a decrease of the systolic blood pressure, which effect is usu- 
ally ascribed to the vaso-dilating effect of liberated crythemal substances 
(Johnson, Pollock, Maykrson, and Laurens, 193G). In spite of a visible 
erythema of the skin there may be n vaso-dilating action of irradiation on 
deeper organs, as the muscles, giving better conditions for the performance 
of work. The increase of the calcium level in the blood caused by the irradi- 
ation may affect the nervous irritability and also slow down the pulse rate, thus 
giving a smaller response on the stress of the work. In fact, JIautin (15)39) has 
reported that the daily ingestion of calcium gluconate c.xpcdites the recovery 
from exercise, but no convincing data have been jjrcsented (see Keys, 1943). 
That a single, high dose of calcium gluconate, giving a rise of the plasma cal- 
cium level by about 0.5 mg % did not markedly affect the scores of the pre- 
sent tests in the children is previously mentioned. 

Regarding the question of a possible seasonal variation of tlie ef- 
ficiency and capacity for performing physical work the present in- 
vestigation has definitely shown a marked increase occurring during 
the summer vacation of the children, but an actual decrease during 
the wdnter may not be regarded as conclusively proved, the proba- 
bility however being comparatively high. The most rational explan- 
ation, covering all the results obtained on the variations of the 
working capacity in the children, would obviously be the following. 
The vitamin D supply of a child’s body is continuously decreasing 
during the winter, when the consumption of the vitamin is greater 
than its solar formation. This decrease is followed by some decrease 
of the physical working capacity, and the minimum is noted in the 
break between winter and spring when the accumulation of the so- 
lar-formed vitamin would have its minimum (Horstmann and Pe- 
tersen, 1946, cf. p. 124). Artificial ultraviolet irradiation during the 
winter completely counteracts this seasonal variation, maintainin" 
the capacity at the normal autumn level throughout the year. The 
same effect may also be yielded by a sufficient administration of 
vitamin D in the diet, thus indicating that the effect of the irradi- 
ation is due to the photochemical formation of vitamin D. 

An important consequence of this interpretation is that a reduction 
of workmg capacity, as estimated by cardiovascular criteria in suh- 
maximal work tests, w a sensitive sign of vitamin D deficiency and that 
the supply of this vitamin during the winter is not sufficient to main- 
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tain an optimal condition for physical work in children. The latter 
conclusion was also reached by the interpretation of the results ob- 
tained for the seasonal variations of calcium and phosphatase levels 
in the blood, though the active principle in this case may also be other 
solar-formed substances than the vitamin D. 

The comparatively low scores of physical fitness found in spring 
may be set in connection with the common layman’s experience of a 
‘‘spring-fatigue” . All kinds of vitamin have been claimed as treat- 
ments for this, but vitamin D undoubtedly least of all. The results 
obtained here indicate indeed that some part of the commonly- 
experienced body fatigue in spring is an after-effect of the poverty 
of solar radiation during the preceeding winter. The great popularity 
of a short holiday in the mountains in spring may be considered to 
originate in some way from the experience of a favourable influence 
of the intensive solar radiation; even without actual physical exercise, 
skiing etc., such a holiday is said to be “health-improving”. It also 
seems probable that the general “tonic” effect of artificial ultraviolet 
irradiation during the winter depends to a large extent on this affect 
on the physical fitness. Furthermore, many doctors are claiming for 
a wholesome influence of cod liver oil during the winter in older 
children also, and one of the reasons may be the experience of an 
improvement of physical fitness. 

To sum up, the investigation has shown that the solar radiation cli- 
mate of the latitudes of Sweden is not sufficient in the dark season 
to maintain an optimal condition in the body for performing physical 
work, the reason probably being the reduction of vitamin D in the 
body during the winter. The UV-illumination system has proved to 
be an effective substitute in this respect. 


CHAPTER 12 

Effect on Air-Borne Bacteria. 

The spectroradiometric analysis of the radiation emitted by the 
medium-pressure mercury lamp employed for the IJV^-illumination 
indicated comparatively strong intensities of radiation in the spectral 
region below 290 mp., i. e., radiation with high bactericidal effect. 
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Fig. 48, The air-sampler used for determinations of bacterial concentration. 


Most of the energy in. this region, is concentrated at the Avavelength 
265 m[j. (see fig. 7, p. 64), Avhich coincides with the region of highest 
sensitivity of typical bacteria (ef. Hollaender, 1942). 

The investigation of the bactericidal action of the TJV-illumina- 
tion has comprised a laboratory study, made in a small infection- 
chamber permitting exact control of temperature, humidity and 
bacterial concentration, and further determinations of the total 
count of bacteria in illuminated and control classrooms during the 
lessons. By “total count” is meant the number of colonies which 
are formed on ordinary blood agar plates by exposure in the air- 
sampler, Finally, a physical interpretation of the bactericidal effect 
is carried out, vdth a comparison between the effect of the partial 
air irradiation usually employed for the bactericidal, low-pressure 
mercury lamps and the more uniform irradiation of the room which 
is obtained mth the UV-illumination system. 


Method of Air-Sampling. 

The concentration of bacteria in the air has been determined by means of an 
impinging device of the type slit-sampler, constructed at this Institute after 
an original model designed by Bourdillon et al. (1941). The apparatus 
has been previously described by Laureu., Lofstrom, Maonusson, and 
OucHTERLONY (1947). Fig. 48 shows its features. The chamber contains a 
s owly rotating table carrying a petri dish with agar, on which the air im- 
pinges through a slit in the bottom of the metal cylinder (mouth -piece); 



the slit coincides with the radius of the petri dish. The distance between 
the slit and the surface of agar is adjustable and is indicated by a metal 
rod which rests on the agar surface (height adjustment). The distance 2 
mm was used according to the recommendation of Bourdillon. The front 
wall of the chamber consists of an airtight window through which the plates 
can be changed. The chamber has two outlets, the one attached to a mano- 
meter and the other to a suction pump. The rate of flow through the 
chamber was adjusted to about 35 litres per minute as determined by a 
flow meter, and it was found that the rate for a given manometer reading 
was reproducible if the slit was kept perfectly clean. Each plate was ex- 
posed for 3 minutes. The nutrient was in all cases ordinary 10 per cent blood 
agar; no selective culture media were employed. The plates were incubated 
for 24 hours before counting the number of visible colonies formed during the 
exposure. 


The Infection-Chamber Experiments.^ 

The laboratory control of the bactericidal effect of the XJV-illu- 
mination was carried out by means of a 30 m® chamber for artificially 
infected air, with 3 m ceiling height. The chamber was equipped 
with a complete air-conditioning system which permitted an exact 
control of temperature and humidity. The air-sampling device was 
situated outside the chamber and the inlet tube was drawn through 
the wall so that the sampUng could be made from different parts of 
the chamber. Liquid suspensions of bacteria were sprayed into the 
chamber by an atomizer and a centrally placed eleetric fan provided 
for a homogeneous suspension of the infected air. The injection of 
bacteria was stopped when the concentration had rised to a suitable 
level, and the fan was turned off after some minutes. From then the 
air-sampling was made every 30 seconds. The settling rate of the 
bacteria was measured in a number of experiments. During the first 
10 minutes there was usually a reduction to only about 90 per cent 
of the initial concentration. 

For the tests on the UV-illumination a complete fixture (UV- 
source + incandescent lamps + reflector) was mounted at ordinary 
height in the chamber. The illumination was turned on one minute 
after that the fan had been switched off. 

Tests have been made with a number of different bacteria, and 

^ These experiments were made in collaboration with Dr G. Laukell, 
Public Health Institute, Department of Public Hygiene, Stockholm. They 
will bo reported more completely in later papers. 



151 



Fig. 49. The reduction of bacterial concentration in the air at different 
distances below an equipment of the UV-illumination. Test bacterium was 

S* salivarius {S. viridcins), 

a strong hactencidal effect of the illumination was evident in all cases. 
When using, e. g., Staphylococcus albus as test bacterium it was found 
that the air was practically sterilized in the chamber within the first 
minute after the lamps had been turned on. The bacterium finally 
selected for the tests was the more resistent Streptococcus salivarius 
(a variety of a-haemolytic streptococci). 

Kg. 49 shows some of the data collected in these experiments. 
Every dot is the mean of four separate series of determinations made 
subsequently with reinfected air for every serids. Data were in this 
way collected for relative humidities between 30 and 80 per cent, 
and with the inlet to the air-sampler placed at different distances 
and directions from the equipment. 

It IS seen that the reduction of the bacterial concentration follows 
an a most straight course when plotted in the semi-logarithmic dia- 
gram, i. e., the exponential relationship between survival-ratio and 
exposure holds appmximately for the range of interest for practical 
purposes. reduction to 10 per cent of the initial concentration is 
reac ed withm about 5 minutes in the air 1--2 m below the fixture. 
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Fig. 50. Blood-agar plates exposed to 100 litres of air in classrooms. The 
upper two are from a control classroom and the lower two from a classroom 
equipped with the UV-illumination system. 

The killing rate is somewhat smaller in the first minute of irradiation, 
which is obviously due to the lower ultraviolet output of the mercury 
lamp before it has reached the normal operating conditions. 

The influence of humidity is demonstrated in the figure, and the 
findings here agree in principle with previous observations (see, 
e. g.. Wells, 1940). 


The Effect in the Classrooms. 

Determinations of the concentration of bacteria in the air in class- 
rooms have been made in the spring term 1947 during 20 lessons, 9 
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Fig. 61. Mean bacterial counts found for different periods of the lesson- 
hour in classrooms with different illumination conditions. 


of whicli have been made with the TJV-illumination turned on and 11 
without UV-illumination. During each lesson about 7 plates were 
exposed to 100 liters of air for 3 minutes in the air-sampler de- 
scribed above. The samples were taken at 1 — 1.5 m above the 
floor among the children. Fig. 50 shows some t3^ical examples of 
plates obtained in different classes. 

The general feature of the bacterial density in the air during the 
course of the lessons is an immediate and marked increase in the 
few minutes when the children rush into the room after the break. 
The concentration may then reach as high as 4,000 bacteria per cu- 
bic meter of air, but is usually decreasing slowly during the lesson; 
the last minutes are often characterized by a new moderate rise. 
The absolute level is to some extent dependent on the general 
activity in the classroom; a noisy lesson always gave higher values 
than a quiet lesson. The ventilation during the recess did not give 
a complete reduction of the bacterial density; the low temperature 
outdoors in the winter and spring when the determinations were 
made did not permit much ventilation. The average counts found 

or different times of the lesson and for different illumination con- 
ditions are given in fig. 51. 

In the classrooms equipped with UV-illumination determinations 
ave een made both with and without the illumination turned on. 




154 


Table 13. Total Count of Air~Borne Bacteria in Control and 
UV-illuminated Classrooms during the Lesson-hours. 


Classroom 

Number 

of 

lessons 

Number 
of plates 
exposed 

Mean count 
per 0.1 m^ 

Standard 

deviation 

1. Control 

11 

48 

271 

63 

2. UV, weak lamps 

4 

24 

212 

56 

3. UV, new lamps 

1 5 

27 

136 

53 


Difference 1 — 2 = 59 + 14; t — 4.2 

1— 3 == 135 ± 13; « = 10 

2— 3 = 76 ± 15; i = 5.1 


The concentrations found without the illumination did not differ 
from the counts found in control classrooms without UV-equipments. 

The data given in fig. 51 show an apparent effect of the UV- 
illumination. The average counts for the lesson-hours found in 
controll classrooms and experimental classrooms for the whole 
period of determinations are given in Table 13, with the corre- 
sponding statistical data. The differences are clearly significant. 
With new ultraviolet sources a reduction to about one half was found 
for the total bacterial content in the air of rooms with TJV -illumination. 
With lamps which had burned for more than 300 hours the effect 
was considerably smaller. 


Physical Interpretation of the Bactericidal Efiects. 

The following accoimt of the physical factors determining the dis- 
infection of air by irradiation is mainly based on the principles de- 
veloped by W. F. Wells in a number of papers (Wells, 1940, 
1944, 1945). Other treatises which have been consulted are those by 
Buttolph (1944) and Luc'kiesh and Holladay (1942, see also 
Luckiesh, 1946). The interpretation carried out here summarizes, 
partly in a new form, the basic equations of radiant air-disinfection, 
but the main purpose is to show the potentialities of the UV-illumi- 
nation system in this respect, compared with the upper-air irradia- 
tion by means of the bactericidal, low-pressure mercury vapour 
lamps. 

The evaluation of bactericidal energy is made by weighting the 
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spectral intensities of the radiation with the bactericidal action 
spectrum (cf. Table 1, p. 52). The action spectrum employed is 
that given by Hollaender (1942) as typical for most bacteria. The 
weighted radiation is denoted by UVG. 


The Basic Principles. 

The following notations are used: 

UVG = ultraviolet radiation weighted by the bactericidal action spectrum, 
Pq = initial concentration of bacteria {t — 0), 

P = concentration at the time 
t = time of exposure in minutes, 

E = intensity of UVG in mW/m*, 

F = flux of UVG in mW, 

V = volume of irradiated air (m^), 

R =z ray length in the irradiated air volume (m), 

U = unit lethal exposure, mWmin/m* (see below), 

N = equivalent number of air-changes, and 
a = air-clearence of the irradiation (m®). 

In denotes the logarithm to the base e, and log denotes the logarithm to 
the base 10. 

Surface disinfection. It is repeatedly found that for practical purposes 
the reduction of bacterial concentration on a surface when exposed to bacteri- 
cidal irradiation follows an exponential relation according to 



When the dosage Et equals ^ it follows that In P/Pq = — 1, and P/Pq = 0.368, 

i. e., this dosage gives a survival ratio of 36.8 per cent of the bacteria. It is 
called the unit lethal exposure or lethe (Wells and Wells, 1938). In the 
following it is denoted as U and is expressed in the units mWmin/m^. In- 
troducing this entity in equation (1) yields its definite form: 



^ Determinations of unit lethal exposure have been made for a number of 
different bacteria (see Hollaender, 1942). The values are, for most bacteria, 
influenced by the humidity of the air or the surroundings. For E. coli, which 
has been most used as test bacterium, Wells (1945) gives the average value for 
moderate humidity of 2 (xWmin/cm^ (20 mWmin/m^) of radiation of wavelength 
53.7 and it is found that the sensitivity of ordinary respiratory bacteria 
in saliva is about the same, or rather somewhat smaller (Ltjckiesh, Taylor, 
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and Knowles, 1947). Moulds and dustbome bacteria are, on the other hand, 
500—1,000 times more resistant. Buttolph (1944) calculates for practical 
purposes with the unit lethal exposure equal to 10 jjLWmin/cm-, and Luckiesh 
( 1946) uses 5.0 (iWmin/cm2. The latter value is tentatively applied here as an 
average for air-borne pathogenic bacteria. 

Equation (2) may also be written 
(3) = [7 In ^ = 2.303 V log ^ 

Thus, a reduction from an initial concentration of 100 per cent to the concen- 
tration 10 per cent requires about 2.3 times higher dosage as the unit reduction 
to 36.8 per cent; the reduction to 1 per cent requires about 5 times the value of 
U (cf. Buttolph, 1944). 

Volume disinfection. It is assumed that the bacteria are homogeneously 
suspended in the air volume ( V) and that the radiant flux {F) which enters 
the volume is uniformly distributed in it and is not significantly depleted by 
absorption due to either the air or the bacteria. The ray length in the volume 
is i?. The volume V may then be considered as bdilt up of an infinite number 
of differential volumes TdR, thus 


(4) 


72 


V = 




This relation is accurate for a parallel beam of radiation. For a divergent 
beam, T must of course be replaced bj' its function of li. 

The mean intensity in the volume is determined by the mean surface of the 
irradiation' which is found by 


(5) 


R 


TdR^-^ 


V 

R 


Consequently, the mean intensity {E) in the volume T by the mean ray lengtl» 
R is expressed by the general formula 


( 6 ) 


E 


F-R 


When applied to a practical case of air irradiation in a room both R and F may 
be different in different spaces of the room and at different angles to the source. 
The mean intensity is then obtained as the average of the intensities in the 
partial volumes A V of the room, for which equation (6) may be considered 
approximately valid, thus 

EiAF-R) 2:(AF-R_) 

EAV " V 


( 7 ) 
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The units of E for the volume are obviously raW.m/m^ which form the general 
expression for the bactericidal intensity of the radiation in a volume (cf. 

Lttckiesh and Hollapay, 1942). r • j 

The reduction of the bacterial concentration in the volume is obtained by 

substituting this expression of E in eq. (2), thus 


(8) 



V 

U 


The exponent may be transformed according to 


F-R 



The term 


F^R 

U 


has the units 

mW • m 
mW min/m^ 


m^ 

min 


and eq. (9) consequently has the character of the general equation for a dilution 

FR 

rate due to ventilation. The term corresponds to that ventilation rate which 

would give the same dilution of the bacterial concentration as is produced by the 
irradiation of the air. This figurative but eloquent expression for the bac- 
tericidal effect of air-irradiation in a room was introduced by Welis and Weles 
( 1938) and is termed the equivalent sanitary ventilation. 

The expression from the exponent in eqs (8) and (9) may be used separately 
according to 


( 10 ) 


FR 

UV 


- N 


which gives the equivalent number of air -changes in the room (N)^ which pro- 
duces the same reduction of the bacterial density. 

Equation (9) may be written in the form 


(II) 


F ^ FR 
^ 2.3l7-log^ 


which permits the computation of the volume of air (a) which can be disinfected 

Pq 

to the ratio ^ per minute of the exposure; it may be termed the air -clearance of 

the installation. This equation is particularl 5 ^ practicable for the design of 
irradiation systems in certain cases (see below). 

By introducing in the equations above a unit of bactericidal pover {F^y^ 
for the sources, based on the principles developed in Chap. 4 (see p. 49) i. e., 



158 


the formula are still more simplified and practicable. The power-value gives 
the area (m^/min.) which is disinfected to the unit degree (36.8 per cent 
survival) if all the radiant flux (2?") is concentrated on it. The formula given 
above for eQ^uivalent sanitary ventilation and air-clearance are easily trans- 
formed in accordance with this unit. The radiant sensitivity of different 
bacteria may conveniently be expressed by the relation to the average patho- 
genic bacteria (U = 50 mWmin/m^). 

From the above it is seen that the physical factors which primarily influence 
the bactericidal effect of air-irradiation are the flux of bactericidal radiation 
(F), the ray length in the irradiated volume (i?), and the sensitivity of the bac- 
teria (Z7). The air-clearance produced by the bactericidal irradiation varies 
directly with the flux and the ray length but inversely as the unit lethal 
exposure of the bacteria. 

Applications in Practice. 

The primary assumptions of a homogeneous suspension of the bacteria and 
a uniform distribution of the radiation in the air, made for the ideal case treated 
above, are not strictly valid for most cases in practice. The formula derived 
must, however, form the basis for the treatment here also. There are two ge- 
neral cases which must be treated separately. The one is the partial irradiation 
of the air in a room, which is the method employed for the low-pressure mercury 
vapour lamps as disinfecting source. The other case is the 'uniform irradiation 
of the airy which is employed with the UV-illumination as the bactericidal 
agent. 

Partial irradiation of the air. The irradiation of the air above eye- 
level is the common form for the administration of bactericidal lamps in the 
control of air-borne infections. Only small intensities of the radiation are 
allowed below the eye-level, due to the high risk of eye-injury (see p. 54). 
Oiling and upper waUs must be painted vith ultraviolet- absorbing paints (oil 
paints). The disinfection of the air in the irradiated zone of the room may 
be treated according to the formula given above. The resulting dilution of 
the bacterial content in the occupied region is, however, exclusively ddermined. 
by the rate of interchange of air between the irradiated and non^irradiated zones. 
If there is no circulation of the air the concentration of bacteria in the occu- 
pied zone will increase independently of the disinfection taking place in the 
upper zone. 

Determinations of effective air- circulation in different rooms have been 
undertaken by, among others. Wells (1945) and Luckiesh and Holladav 
(1942, see also Luckiesh, 1946). It is related to the rate of movement of the 
air in the room, which is due to its actual replacement through air ducts, %rin- 
dows and openings and to currents set up by differences in temperature, cir- 
culating fans, movements of its occupants, etc. Hot radiators of free situation 
may increase the circulation several times (cf. Luckiesh, TA'iXOR, and Kxow- 
LES, 1947), and it seems probable that cold windows may have a marked effect 
too. 
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There are obvious difficulties in measuring air circulation in occupied spaces; 
the principle employed is usually to measure the reduction of bacterial density 
actually obtained in the lower zone and from this calculate a factor for the 
corresponding effective circulation (see Wells, 1945). In this way Wells 
found the effective circulation between the occupied and the irradiated zone, 
i. e., below and above the seven-foot level (2.1 m) in standard American class- 
rooms to exceed 4 air-changes a minute. 

Such a high value of the natural circulation in a room may, however, not be 
found in. all cases. Measurements of the air movements in Swedish classrooms, 
carried out during this study with the aid of the kata -thermometer according 
to the technic[ue described by Bedford (1946), indicated a mean movement 
of only 2—3 m/min. at the 2 m level of the room. If the entire volume of the 
air is considered to be moving in an unbroken stream, rising through one half 
of the horizontal cross section of the room and descending through the other 
haK, with the velocity 2 m/min., this would produce, in a room with 50 m“ 
floor area, an air-circulation of 60 With the volume of the occupied 

zone equal to 100 m^, this circulation corresponds to only about 0.5 air-ebanges 
a minute, or 30 air- changes per hour. It seems further unlilcely that all of the 
air movements should be effective for the interchange between the upper 
and lower zone. It ought to be mentioned, that the radiators of the rooms 
during these measurements were hot, but they were shielded in cupboards in 
the walls with inlets for the air near the floor and outlets for the warm air near 
the ceiling. 

The air-circulation may of course be raised hy means of fans. The upper 
limit is placed by the threshold of draught (about 20 m/min, air velocity); wdth 
such an effective circulation the possible number of air- changes per minute 
in the case cited above would be about 5; even higher values roay be obtained 
if the air is forced at higher velocities along walls etc. 

Another factor limiting the resulting reduction of the bacterial density in 
the occupied zone is the volume of (he irradiated zone. The efficiency of upper- 
air irradiation increases markedly with increasing ceiling height of the room 
(see Ldckiesh and Holladay, 1942). It is found that an irradiated stratum 
of only about 1 foot (0.3 m) below the ceiling is insufficient to influence 
markedly the bacterial density in the lower part of the room (Luckiesh and 
Taylor, 1947), The lamps must be placed about 0.5 m above the eye-level 
in the room in order to protect the occupants- Thus, in rooms of a ceiling 
height about or below 2.5 m no great effect of an upper-air irradiation may 
be expected. 

A practicable formula for the design of a bactericidal upper -air irradiation 
of a room is offered by eq. (11) given above. The circulation, natural or forced, 
available in the room is the volume which should be cleared during its passage 
t ough the^ irradiated zone. The kno^vn or estimated value hereof is substi- 
tuted for a in the equation. The value of R is dependent on the size of the room, 
^ ^^diant distribution of the reflector and may he estimated from this; 
t e ixtures should obviously be placed so that the ray length is maximal, 
en the equation may be solved for F by substituting the values of unit 
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lethal exposure { U) and desired degree of disinfection (log P IP) in f h. . .• 

By assuming U equal to 50 mWmin/m= and the de/n-p,. 

.. m per .nt ,I„, = 

Por o 200 m> classroom ivith an eHectice mean ray lenoth rf 
m and 2 am-changes per nun., the bactericidal flux (P) required for 99 per 
cent disinfection is then found to be 25,000 mW (25 W) That flux is h 
tabled with four 30-watt germicidal lamps. ° 

Tie same clcalaHon made mti the nnit of baelericidal power aecordine 

to eq. (12) IS easily shown to be carried out by the general formula 


(13) 


uro 


5 • a 


K 


where K stands for the sensitivity relation of the actual bacteria to the .average 
pathogenic bacteria.. In the present case [K = 1) Pjjy^ jg found to be 
500 mVmin. A 30-watt germicidal lamp (total flux of UVG about 7 000 mW) 
correspond to a power of about 150 m=/min. (cf. Table 2 and 3, pp’ 65-66). 

UniSorm irradiation of the air. The bactericidal radiation of the 
UV-illumination is distributed throughout the room, as it is combined with 
the visible light. However, the distribution is not perfectly uniform but de- 
termined by the mtensity distribution of the reflectors (fig. 11, p. 71) and to 
some extent by the reflection from different surfaces. The physical interpre- 
tation carried out on the bactericidal efficiency of the UV-mstallations in the 
classrooms has been made in the following general way* 

The average bactericidal intensity was calculated according to formula (7) 
given above, for both the region of the room above the reflectors and below 
the reflectors. The flux of UVG (AF) was calculated for every 30 degree 
zone around the reflector according to the method described on p. 84, i. e. 
from the intensity distribution curve of the reflectors, and with the total flux 
of UVG given in Table 2 (p. 65). The corresponding ray lengths (JR) were 
obtained for every zone from the actual dimensions of the classrooms; the 
average for the measurements in four directions was used. In this way the 
value of 2J(AF*R) was estimated to be 470mW'm per fixture in the lower 
part of the rooms and 740 mW * m per fixture in the region above the fix- 
tures. The volume of the lower part is 150 m^ and of the upper part 50 m^. 
The mean bactericidal intensity in the occupied zone below the four fixtures 
of the room is then 12.5 mWm/m^, and in the upper zone 60 mWm/m^; these 
intensities may also be expressed as 1.25 fjiW/cm= and 6 |xW/cm% respectively, 
on the mean surface of the irradiated volumes (cf. p. 156). 

However, these values give only the intensities due to the direct radiation 
from the UV-cquipments. The ceiling and walls in the rooms were painted 
vnth ultraviolet-reflecting paints and add further bactericidal radiation to the 
air. The reflected radiation to be considered is that from the upper part of the 
room, as the lower part with the floor and furnitures may be expected to ab- 
sorb most of the radiation. The reflected flux of U\^G reaching the working 
plane of the room was calculated by means of the distribution coefficients, as 
described on p* 75. The coefficient of the indirect component was estimated to 



be 0.2 for the UVG-radiation (of. Table 4, p. 71), whicb 
flux passing from the ceiling down to the working plane ^50 mW oi UVG. 
The Lan Ly length of this reflected radiation offers considerable difficulties 
for the calculations. The height from the working plane of the 
ceiling is about 3 m. but most-of the-radiation is diffusively passmg through 
the air, and depleted by further reflections on the walls. The tngonometnc 
calculation of the average distance from a point in the working plane to the 
ceiling, extended to include the rays reflected from the upper third of the 
walls, gives the value 4.4 m, which was employed for the followmg estimates. 
This ray length gives a total of 1,100 mW • m of reflected bactericidal radiation 
in the room. About two thirds of this radiation is effective in the lower part 
of the room. These considerations, which probably yield somewhat too small 
figures, lead to the estimates that the mean bactericidal intensity below the 
fixtures in the room is about 20 raWm/m^ and above the fixtures 80 mWm/m®. 
The disinfecting effect of these intensities may be transformed into equivalent 
number of air -changes by means of formula (10); assuming the unit lethal ex- 
posure to be 60 mWmin/m^ the followmg values are obtained: 


below the fixtures: 24 air-changes per hmir, 
above tbe fixtures: 95 air-changes per hour. 


These figures give the sanitary ventilation produced by the radiation from the 
fixtures during its passage through the respective volumes. From the hygienic 
point of view it is the ventilation in the occupied region which ia of particular 
interest. To the figure given above should be added the effect caused by the 
circulation of the air through the more strongly irradiated upper part of the 
room, and further the natural ventilation existing in the room. An estimate 
gives a probable total vahie of about SO air-changes per hour effective for the dilu- 
tion of bacteria in the occupied region of the room; at least 25 are due to the UV- 
illumination system and of these about 8 to the reflected radiation. 

These estimates may be appropriately compared with the data obtained 
in the infection-chamber experiments. It was found (see fig, 49) that the con- 
centration of bacteria scdivarius) in the air 1 — 2 m below the fixture was 
reduced to 36.8 per cent of the initial value in about 3 minutes. No reflected 
radiation was present in this case, but the intensity of direct radiation was 
comparable to the conditions in the classrooms. The air-change N which would 
produce the same bacterial reduction, is simply obtained from the formula 



~ ^ minutes gives N = 0.3, i. e., 0.3 equi- 

wbicb tiif aS“ 

used formTre°t!irn count obtained in the classrooms cannot be 

pathogenic bacteria. Thrujf l™b^ respiratory and 

dust-borne bacteria alwaysTlf^ 

, , ^ crowded rooms are, as mentioned above. 

11—4847 H.Jionge 
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500 — 1,000 tinies liigher tlian tli03e of most pathogenic organisms. There may 
be considerable reduction of the respiratory, fraction of the total count xcithout in- 
fluencing to a higher extent the value of the total count. Thus, Williams (1947) 
found, by ppper-air irradiation of classrooms in England, a reduction of the 
total count by about 25 per cent, while the reduction of a-haemolytic strepto- 
cocci recovered from the air on selective substrate was about 70 per cent. It 
seems reasonable to assume that the reduction to about 50 per cent of the to- 
tal count obtained by means of the XJV -illumination system was accompanied 
by a considerably greater reduction of the respiratory expelled bacteria. 

A distinct advantage of the UV-illumination is furthermore offered by the 
comparatively high intensity of bactericidal radiation incident on the lower 
surfaces of the room (see Table 5, p. 77). A reduction of the bacterial content 
in the dust collecting at the fimnitures and the floor may be expected to result 
from this. 


Discussion. 

The experimental data and the theoretical interpretation of the 
bactericidal effect of the UV-illumination system employed for the 
classrooms give evidence that a sanitary ventilation equivalent to 
about 30 air-changes 'per hour may be produced in the occupied region 
of the rooms, mainly due to the direct effect of the radiation on the 
air in this region. This bactericidal effect is obtained without hith- 
erto observed risks of injury to the occupants. It is independent of 
the circulation of the air in the room, although an improved circula- 
tion may yield still higher bacterial reduction. 

Studies of the dynamic spread of measles in classrooms have indi- 
cated that the minimum sanitary ventilation which can control this 
spread is about 4 m^/min. per pupU (see Wells, 1945). In an ordi- 
nary classroom of 200 m^ with 30 pupils this means a minimum sa- 
nitary ventilation of 36 air-changes per hour. The UV-illumination 
system in the present arrangement offers a considerable part of this 
threshold sanitary ventilation, and increases the sanitary ventilation 
about 10 times as compared with the natural ventilation in ordinarj^ 
Swedish classrooms. It seems possible that a new arrangement will 
yield still better effect than hitherto obtained (cf. p. 176). 

An important field of application for the UV-illumination system 
as a bactericidal source is rootns m'th low ceilings. It is shown above 
that an irradiation of only the stratum above eye-level is insufficient 
to produce a marked improvement of sanitarj’’ ventilation in rooms 
with ceiling height below about 2.5 m. The usual ceiling height in 





aodem apartments in Sweden is atout 2.7 in. It seems Ukely that 
the OT-iUnmination system may be moie efleotive as a baoteriradal 
agent in snob looms than an upper-air irradiation wrth the baoteo- 
oM low-pressure mercury lamp. Suitable apphcations maybe 
found in many scliools, day nurseries etc. ^ 

An inierent factor wMct to some extent limits the general use of 
UV-iUumination is obviously the high wattage. A sufficient air dis- 
infection in classrooms may he obtained hy about 120 watts of low- 
pressure bactericidal lamps (see p. 160), while the UV-iUummation 
consumes a total of about 2 Idlowatts. However, when the day 
lighting in the room is sufficient for the illumination, o^y the 
medium-pressure mercury lamps may he burning, consuming in total 
about 500 watts in a classroom. 


CHAPTER 13. 

Efiect on Absenteeism. 

The intentions of the account given here on the influence of UV- 
illumination on absenteeism due to illness are only indicative. There 
are only three classrooms which have been equipped with UV-illu- 
mination, . and the time of observation is reduced to two terms for 
each of the classes in these rooms. It would be premature to draw 
general conclusions from this material for such a variable factor as 
absenteeism from school, if the effect were not exclusively marked; 
this is, however, not the case. 

In order to give a general background of the records obtained 
during the period of investigation for both experimental and control 
classes the absenteeism in all classes of 1st grade and Ath grade in 
Vaksala Secondary School of. Uppsala has been recorded for the 
years 1943 1947. Eor each school-year and for each grade 4 — 5 
classes (120 ^150 pupils) are involved in the statistics. The record 
IS made for each week of the terms, and the data are obtained from 
the registers kept hy the respective teachers. The registers are uniform 
or a c asses, and absenteeism due to illness, as the reason preten- 
® separately from absenteeism due to other reasons, 
e recor s are made with respect to two measures of illness- 
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status in the classes: incidence of illness and lost time due to illness. 
The second measure includes also the duration of each case of ab- 
senteeism. These two measures coincide in the main but there may 
be some differences also, which will be shown later. 

There was from the beginning no differentiation made between 
boys and girls in the statistics collected here. It was, however, later 
made clear that the girls showed in general a higher rate of ab- 
senteeism than the boys, which must be considered in the correct 
statistics. All 1st classes treated, including the experimental groups, 
comprised about equal proportions of boys and girls and the re- 
cords are sufficiently comparable for that reason. The experimental 
groups of 4th classes were made up of boys only during most of the in- 
vestigation. The control material of the statistics given here involved 
both boys and girls and a comparison between the means must be 
xmdertaken with regard to this disproportion. However, the control 
material involved at least one class of boys only during the experi- 
mental periods, and the range of variation given for the means of 
different classes may be a justifiable basis for the comparison. 

Cases of only one day’s duration were also included in the statis- 
tics as most of such cases are really due to illness and especially respi- 
ratory illness, according to the experience of the teachers. 

The responsibility of various diseases for the absenteeism cannot 
be obtained from the registers. In order to get an estimate of the role 
played by respiratory infections (“colds”) for the total illness-rate, 
specifications of the diseases were requested from the parents of the 
children in three 4th classes of the Secondary school for one term 
(the spring term 1946). Altogether more than 200 such specifications 
were collected, and it was found that 84 per cent of the total number 
of absenteeisms during that period were ascribed to respirator}' in- 
fections by the parents. Other diseases were found to be fairly uni- 
formly distributed over the term, and, therefore, the seasonal varia- 
tions recorded may be considered as primarily due to epidemics of re- 
spiratory infections. The role of measles, scarlatina, and other child- 
ren’s diseases formed a very small fraction of the total absenteeism 
in these 4th classes. For other years and other classes there may 
have been other proportions which, however, could not be taken 
into account. Single cases of exceptional diseases (accidents etc.) 
were often specially denoted in the registers and could be e.vchided. 

The data arc reproduced in the diagrams of figs 52—55. The inci- 



1G5 



pr8Vpl'X!rTek7o‘dI T”7 ’7™'’“ 

school days per 30 nn 'i ^ ^ expressed in 

prising an autumn term betwee '^A' 

term between January and T ” December and a spring 

figures placed in ealueTm . ’ " small 

each term-square give the average for the term (M) 








SCHOOL DAYS LOST PER JO PUPILS PER WEEK 



^ KA A M t aSONDJFMAMJ 

ASONDJFMAMJ ^ Months 

p, ^ ^ Afon//»s 

* 1 of oifijwrs for Gftcli %vcolc of flio scHool 

rig.63 Ij.t tta. ‘'S'uv.ili™totta i. the two low..t .q.,.™. 

years 1943—1947. umssta (ig45_i947). 

... .. — — 

illumination are specially denoted. , , , t „/ 

There is a rather constant feature observed for the annual course of 

the absenteeism among the elhldtcn. which appears m most o! the 








167 


I9^3-AA. 
Class ■4. 


130 PUPILS 


Class •4. 


ISO PUPILS 




, , , , 1 , 

/9A5-A6. ISO PUPILS 

/S'46'-47 

ISO PUPILS 

Class 4. INCL.GROUPn*ni \ 

1 

C/oss 

/NCL. GROUP ItJH 


ASONDJFMAMJ 

Months 


ASONDJFMAMJ 

Months 


Fig. 54. Incidence of illness in 4 th classes for each week of the school - 
years 1943 — 1947. Classes with TJV^illumination in tho two lowest squares 

(1945—1947). 


diagrams and is particularly marked in the older classes. The first 
4 to 6 weeks of the autumn term are characterized by a peak in ill- 
ness, while the last weeks of October almost consistently show a 
pronounced minimum. From there the absenteeism increases again 
toward the Christmas holidays. Again, the first weeks of the spring 
term usually show a marked peak, which may rise to high values 
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(see spring term 1947 ). A new maximum is often appearing about 
March, while the latest weeks of the spring term show lower absen- 
teeism! It seems probable that the peaks appearing at the beginning 
of each term are due to the cross-infections occurring between the 
children when they are crowded together in the school. The average 
absenteeism is in most cases higher for the spring term than for the 
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autumn term. A similat general feature of the course of abscntecistn 
from school is previously found by Hjabne (19^2) on a comparable 
but smaller material from secondary schools in Uppsala. 

The variations which may occur between different years are clearly 
demonstrated in, e. g., fig. 53. The time lost in spring 1914 is almost 
twice that in spring 1945 in these Primary school classes. This dif- 
ference was less marked for the incidence of illness. Furthermore, 
the great variations which ’may occur between different classes of 
the same grade in the same term are illustrated by the small figures 
given in brackets for each term record. These give the range of 
variation of the averages for the different classes included in the to- 
tal average, denoted by ilf. It is apparent that the deviation found 
for a single class from the corresponding average must be consider- 
able before any significance can be attributed to it. A difference 
between different years is still more uncertain, at least for single 
classes. This must be considered in the interpretations of the results 
of UV-illumination. 

During the spring term 1946, i. e., the first term of the experiment, 
there was no significant effect on the absenteeism among the older 
children in the Secondary school class (Group I) provided with UV- 
illumination (see figs 54 and 55). In the Primary school class (Group 
IV), on the other hand, the incidence of illness (fig. 52) was markedly 
low. It was, in fact, hwer than ever recorded for a Isl class in a spring 
term during the years 1943 — 1947. Furthermore, the mean incidence 
during the spring term was only about half of the mean incidence of" 
the autumn term. Such a relationship has not been seen in any other 
case. It seems, therefore, justified to assume that the UV-illumina- 
tion really produced a decrease of the incidence of illness in this 
class for this period. As mentioned in a previous chapter, the inten- 
sity of the ultraviolet irradiation was particularly high in this class- 
room, which was made apparent by, among other things, the skin 
pigmentation developing in the children during this period. 

The average number of school days lost during the same term 
(fig. 53) seems not to deviate from the average of the control classes. 
However, a marlced decrease occurred compared with the proceeding 
autumn term, and this latter value was considerably higher in the 
experimental class during this autumn than the average of the control 
classes. This indicates that the duration of absenteeism for every incid- 
ence was longer in the experimental class, and that the effect of the 
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irradiation was to decrease the level to about the same as found in 
the control classes. The reason for the longer duration of absenteeism 
for each incident illness case in the experimental class may not ne- 
cessary indicate more severe illnesses; it may also be due to the pa- 
rents keeping the child at home for a longer time for the same se- 
verity of illness, which, in turn, may be due to some differences in 
their social recruitment. This school is, as previously mentioned, 
situated in a residential part of the town with its, in general, higher 
social standard. 

During the following autumn term 1946 the ultraviolet lamps in 
this class had decreased considerably in ultraviolet output, and it 
was impossible to have them exchanged. No significant effect of 
this weaker irradiation can be read from the diagrams. 

Also the lamps of the Secondary school Group I had now become 
weak, but new lamps were installed in the classroom of Group II. 
There is some evidence that the mean incidence and 'particularly the 
mean time lost 'was decreased by the irradiation in this class. Group I, 
with weak lamps, is for this term included in the control groups; 
there was no indication of an effect of the irradiation. 

During the spring term 1947 only the room of the Secondary 
Group II was equipped with effective UV-illumination, and the 
lamps had been burning during the previous autumn term. No 
significant effect may be concluded for this term. The inability of 
the irradiation to prevent the rapid spread of a respiratory epidemic 
appearing- in January and February is clearly seen from the dia- 
grams. 

The results seem to indicate that the UV-illumination employed 
in the classrooms may to some extent decrease the absenteeism due 
to illness among the children when the irradiation intensity is kept at 
a high level, namely, that considered as the highest applicable for these 
cases in the design of the system. Such an intensity may be main- 
tained without damage to the children; the depletion occurring is 
due to the unavoidable ageing of the UV-sources. 

Discussion. 

As is emphasized at the beginning of this chapter general conclu- 
sions regarding the effect of UV-illumination on sickness-rate in 
school children must be drawn with great care from this small ma- 
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terial. The results obtained do, however, provide a stimulus for in- 
vestigations on a larger scale concerning this possible and favour- 
able effect of the illumination. 

The mechanism of such an action may a 'priori be explained in 
two quite different ways: the irradiation of the children may pro- 
duce an increased resistance to infections, or, on the other hand, the 
irradiation of the air depletes the air-borne spread of infectioris in the 
classrooms and thus indirectly decreases the rate of illness. All the 
evidence is in favour of this latter theory. A marked decrease of the 
bacterial content of the air has been proved, and the bactericidal 
effect produced in the rooms is calculated to correspond to about 
that sanitary ventilation which is found to be effective for control 
of air-borne infections; this may be particularly valid for the high- 
intensity irradiations which seem to have influenced the absenteeism 
in this investigation. Periods of weak irradiation did not show signi- 
ficant effects in this respect while an infltxence directly on the child- 
ren, as indicated by the mineral metabolism and physical fitness, 
were still apparent. It seems probable that the intensities of ultra- 
violet radiation in the classrooms necessary for preventing respira- 
tory epidemics are considerably higher than those for exerting physio- 
logical effects. However, a possible influence on the resistance to 
infections in the children cannot be completely excluded from the 
present findings. 

It should be emphasized that the air-disinfection of UV-illumina- 
tion can influence only that spread of infection which is present in 
the classrooms. During the breaks, in the corridors, and out of school 
the children may be exposed to still stronger infection doses than in 
the classrooms, and the total depletion of respiratory infections can 
for that reason not be expected to be more than partial. The espe- 
cially marked effect in the Primary school class during the first term 
of the investigation may to some extent depend on the absence of 
other classes in the building where this class resided. 

Furthermore, the UV-illumination was kept burning only for some 
hours of the school days. In the 4th class during the spring term 
1946 (irradiated Group I) the daily exposure was consistently main- 
tained at 3 hours daily, while the illumination in the Group II during 
the autumn term 1946 was usually kept burning for longer times a 
daj. This may be a reason why the absenteeism seems to have been 
more influenced in this latter group. 



IV. 


General Discussion, 


The results obtained during the present investigation on ultra- 
violet irradiation of interiors in connection with the artificial illu- 
mination may be considered from different points of view. The tech- 
nical section leads to some conclusions regarding the design and 
arrangement of an artificial illumination with that dual purpose. 
The physiological section deals with the effects of the irradiation 
directly on the occupants, in this case school children, and the hy- 
gienic section has been concerned with the bactericidal effects and 
the potentiality of reducing air-borne infections by means of this. 
For both of these aspects the results permit some conclusions of in- 
terest. However, the main question which arises from the investi- 
gation concerns the general valxie and applicability of such an illu- 
mination. This final decision involves as a further aspect the eco- 
nomic consequences. The possibility must be taken into account 
that the favourable effects which seem to be obtained with UV-illu- 
mination may also be reached with other more practicable and less 
expensive means. Thus, the ultraviolet irradiation of the children 
might be replaced by an adequate vitamin supply, and the bacterici- 
dal effect might be obtained Avith an installation of bactericidal low- 
pressure mercury lamps of considerably smaller total wattage than 
required for the UV-illumination in the present arrangement. 

Leaving these aspects of economy out of the question for a moment 
the general conclusions obtainable from the present investigation 
may be summarized in the following way. 


General Conclusions. 

1. — The present state of knowledge with regard to spectral and 
dosimetric relations of ultraviolet radiation effects on man provides 
an acceptable basis for the establishment of the fundamental re- 
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■quirements of the spectral characteristics of the ultraviolet source 
to be employed for general use in illumination. The knowledge is 
also sufficient for an estimate of the dimensional design of each in- 
stallation which must he made with consideration for the time of ex- 
posure to the illumination. The ultraviolet irradiation component may 
be treated as a separate entity in the design of the systein, apart from, 
the illumination component, according to the special photochemical laxvs 
valid for biological irradiation effects. 

2. — The ultra-\dolet radiation may suitably be resolved into dif- 
ferent adion components on the basis of different action spectra; the 
principle is the same as the resolution of light into different colours. 
The responses to be separated are the pigmentation effect, the anti- 
rachitic effect, the erythema effect, and the ophthalmia effect, all 
of which concern the direct action on the occupants, and the bacteri- 
cidal effect, which concerns the action on air and environment. It 
seems probable that for practical purposes the erythema effect 
and the antirachitic effect can be referred to the same action 
spectrum, as well as the photophthalmia effect and the bacteri- 
cidal effect. 

3. — . The interpretation of available data on action spectra and 
threshold exposures has shown that for the direct irradiation of oc- 
cupants the short wavelength limit of the radiation ought to be situ- 
ated at about 290 m(x. No favourable effects are gained by radiation 
of shorter wavelengths which are not obtained with greater effectivity 
and safety by the longer wavelength range. This limit is found in the 
solar radiation during optimal conditions. In such a radiation the spe- 
cific erythema component and the antirachitic component, both li- 
mited to the range below 315 mp,, may be treated together, i. e., 
with the same units, and the erythema effect becomes a reliable 
measure of the antirachitic effect. The risk of photophthalmia is 
avoided in exposures up to the normal erythema threshold level. 

However, the bactericidal effect which provides a highly desired 
action of the illumination is mainly dependent on the prevalence of 
radiation of wavelengths shorter than 290 m[i.. The addition of these 
wavelengths to the illumination increases the ophthalmia risk in 
about the same proportion as it increases the bactericidal effectivity. 

f' iuvestigation has shown that a compromise is possible, 

with a resultant illumination of mariced bactericidal action without ob- 
viously injurious and unfavourable effects. The displacement of the 
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spectral intensities from the extreme short wavelength of the spe- 
cially designed bactericidal low-pressure mercury lamp towards the 
medium range 260 315 mji permits the umform distribution of the 
radiation in the room. The bactericidal effect obtainable by this in 
the room is sufficient for the maintenance of a considerable sanitary 
ventilation potential for reducing air-borne spread of infections. 

5. — The basis for the dosimetric design of the irradiation compo- 
nent of the illumination was made by the average normal threshold 
erythema response. It is shown that daily exposures to that level of the 
face and hands of children secure niurhed effects on mineral metabolism 
and physical fitness without causing any obvious discomfort. It seems 
probable that the same benefits may also be reached with smaller 
daily exposures, but the higher exposures provide at the same 
time a stronger bactericidal effect. 

6. — One way for the technical arrangement of such an artificial 
illumination with the dual purpose of providing a simultaneous illu- 
mination and irradiation of the interiors is shown. The medium-pres- 
sure mercury vapour lamp with the outer bulb of special ultraviolet- 
transmitting glass can be combined with incandescent lamps in such 
a proportion that a good illumination with pleasant colour of the 
light is obtained at the same time as both the visible and ultraviolet 
radiant intensities are suitable for their respective pmposes. The 
total illumination level necessary to provide a pleasant illumination 
for an erythema-effective exposure is very reasonable. To produce 
in about three hours an erythema threshold response in untanned human 
shin the illumination level required for a pleasant colour of the light is 
about 300 lux. This level may be decreased if longer exposures are 
available. By having the ultraviolet source separated from the main 
sources of illumination a great range of variation between illumina- 
tion and irradiation is possible to establish. The source may easily 
be made so that it radiates a suitable proportion of short-wave, bac- 
tericidal radiation. 

7 _ The technical features of the installation of UV-illumination 

include the trinity of source, reflector, and paint. The reflector should 
prevent glare and procure a umform distribution of the radiation, 
both visible and ultraviolet, for which special assumptions are ne- 
cessary. Ultraviolet-reflecting paints on ceilings and walls constitute 
an important factor for the final result ^vdth regard to uniformity of 
irradiation and utilization of the ultraviolet radiation from source 
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and reflector. These principles are independent of the type of lamp 
used as source for the ultraviolet radiation. 

8. — The pJiysiologkal effects on school children of daily expo- 
sures to such an iUuinination during the winter are found to be very 
marked in two respects: mineral metabolism and physical perform- 
ance [fitness). The effects are in the main acting toward a counter- 
balance of seasonal variations of these functions, recorded for the 
untreated children. These seasonal variations follow an annual course 
theoretically expected for functions which are subject to a donnnant 
influence of substances photochemically formed and stored in the 
body by the solar radiation. The optimal phase, characterized by 
blood-chemically evaluated ideal conditions , for skeletal growth, 
and work-test evaluated high scores of physical fitness, are found in 
the autumn, around the equinox, when the accumulation of solar- 
formed substances should be a maximum. The negative phase, with 
the reverse characteristics, appears for both functions in the spring, 
around this equinox, when the store of solar substances should have 
its minimmn. This seasonal course is completely cancelled by the 
ultraviolet irradiation during the winter. A definite proof is obtained 
heredjy of the important role normally played by the direct action of solar 
radiation m, children during the summer half-year for both of these func- 
tions. The consequences of the poverty of ultraviolet energy in the 
outdoor daylight during the winter are also apparent from this, which 
emphasizes the desirability of some form of substitute especially for 
the countries situated in the north. 

It should he pointed out that a high degree of pigmentation cannot 
be expected to develop from exposures to this illumination. The 
pigmentation effect is mainly hmited to the spectral range 
315 — 400 mp,, where the mercury arc lamp radiates only weak inten- 
sities, and the dosages necessary for an effect in this respect are 
too high for convenient application by an illumination system even 
if other sources are used. 

9- — The mechanism of action of the radiation must be found for 
both functions in the action of some photochemically formed sub- 
stances. It has not been the purpose of the present investigation to 
find them, but there are several reasons collected which support the 
view of a vitamin D mechanism as the primary action. The possibility 
of an influence of vitamin D or related substances on muscle meta- 
bolism and working capacity provides a great stimulus to further 
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lesearch. In any case, it is shown that normal unsupplemented 
winter diet of children is not a sufficient source for these substances 
and that in this meaning children suffer from some degree of “solar 
mtamin” deficiency during the winter and especially the early spring. 

XO, The hygienic effects of the UV-illumination are concerned 
with its bactericidal properties and the possibility of reducing air-borne 
spread of infections. The . contradictory requirements on spectral 
quality for disinfection efficiency and physiological efficiency placed 
the bactericidal potentiality of the W-illumination as a secondary 
factor in the initial design of it. The investigation showed, however, 
the inherent possibility in that respect, and it is obvious that this 
effect must he treated as a factor of primary importance. The UV-illumi- 
nation offers the first artificial illumination system with marked bac- 
tericidal effect, and it seems probable that it will find some fields of 
application for this purpose as a complement and sometimes a sub- 
stitute for the specially designed bactericidal lamps. Low-ceiling 
1 -ooms and rooms with poor air-circulation are previously mentioned 
us suitable applications. 


Further experiments on this line are going on i day-nurseries, and a new 
refleetor which permits an intense horizontal distribution of the radiation is 
<>onstructed in order to utilize the bactericidal power to a higher extent than 
was made in the arrangement used for the school experiments reported here. 
In this way a high-intense radiation barrier is laid just above eye-level in the 
room whilh produces an effective sterilization of the circulating air at the 
2m?time as the illumination below eye-level maintains a considerable bacten- 

uidal efficiency. 


Practical Conclusions. 

Eetuming to the practical question from the public h'" ®" 

of view regarte * ‘ =n that the price of the illumination 

hTrsevirMnet advantages. A good artificial 
ja outweighe y favourable physiological 

lightmg IS O am radiation on the occu- 

effects of infection-spread results from the 

pants, an P micro-organisms of the air. The only 

action of the radia required for it (about 40 
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high frice of the ultraviolet source. The cost of the installation of UV- 
illumination in, fox instance, an ordinary classroom is, hovrever, 
rather smaller than the cost of an installation of the special bacteri- 
cidal lamps for upper-air irradiation. The additional cost of installing 
an artificial illumination of the level reached by the UV-illumination 
is of about the same magnitude. The high wattage of UV-illumi- 
nation in the present state is mainly due to the incandescent lamps 
which provide for the pleasant illumination. For use in schools 
and similar localities the power may be reduced by keeping only 
the ultraviolet sources burning during the bright hours of the 
day. It is found that the colour of the mercury light is then almost 
completely merged into the daylight. The power of this irradiation 
is about 10 watts per sq. m. floor area, compared with about 2 watts 
per sq. m. for upper-air irradiation with low-pressure mercury bac- 
tericidal lamps. For this higher price of the UV-illumination the 
direct physiological effects on the occupants are gained. 

The wattage for the illumination component may be greatly re- 
duced by using fluorescent lamps instead of incandescent lamps. 
With such lamps of comparatively low colour temperature (“white” 
or “soft-white” types) it seems possible to get a resultant illumina- 
tion of suitable colour. 

Finally, the principle of UV-illumination must be considered with 
regard to the use of other ultraviolet sources which may be on the 
market in the near future. The fluorescent ultraviolet lamp is 
still in the experimental state but appears to be an efficient and 
suitable source of ultraviolet combinable with fluorescent illumina- 
tion. The high-pressure mercury vapour lamp emits radiation of a 
spectral composition which seems to be well adapted for the same 
purpose (see fig. 21, p. 89). It is still impossible to predict the bac- 
tericidal effect obtainable by these sources. 

It seems probable that some of the physiological effects of UV- 
illumination may be reached by the simple administration of suffi- 
cient doses of vitamin D to the children during the winter. From 
the economic point of view this would obviously have distinct ad- 
vantage over the UV-illumination. The final decision must, how- 
ever, be postponed until further investigations are made on this 
fundamental question. 

The natural field for the application of UV-illumination would 
tentavively be schools, day nurseries, and similar localities where 

12—4847 H. Range 
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children are brought together especially during winter months. In hospital 
wards with the patients having their faces and eyes directly exposed 
to the radiation from above, there may be risk of harmful effects if 
such high intensities are used as in the present experiments. The 
utilization of the illumination for homes is still limited by the cost 
and the wattage. The damaging effect on flowers and plants may 
be a further disadvantage for the home application. The control of 
over-exposure cannot be provided in the same degree as in pubhc 
localities. 

The use of UV-illumination in localities for adults, as in industry, 
rmder-ground factories, etc., is probably justified mainly by the bac- 
tericidal properties of it. The growing organism may be expected 
to be more sensitive to the deficiency of biologically-active radiation 
during the winter than the adult organism, and the desirability of 
a supplementary ultraviolet irradiation of adults cannot be stated 
with the same certainty as in the case of children. It should be poin- 
ted out that the average industrial worker receives almost no ultra- 
violet radiation for the most part of the year. He is exposed to out- 
door dayhght only in the morning and afternoon horns when practi- 
cally no ultraviolet radiation reaches the earth, and no such radiation 
penetrates to indoor working places. There are obviously no apparent 
harmful effects developing from this, which, however, would prob- 
ably be the case for children. Workers in under-ground factories, 
miners, etc., are not subject to worse conditions than the average 
industrial worker in this respect of short-wave ultraviolet rays. It 
may, however, be possible that the deprivation of ultraviolet radia- 
tion does manifest itself by some degree of “spring fatigue” also in 
adults. Tests on working efficiency as applied here on children would 
provide one means of deciding this. 

The bactericidal purpose alone may in most industrial localities 
be reached in a more economical way by means of the special low- 
pressure mercury bactericidal lamps. 



Summary. 

I. Introduction. 

Chap. 1. The Basis and Purpose of the Investigation. 

The purpose of the investigation was to study the physiological 
and hygienic effects of the addition of hiologically-effective ultra- 
violet radiation to the general illumination of interiors. It is empha- 
sized that from the physiological point of view this problem is of 
special interest to countries situated in the north where the natural 
supply of this radiation is poor for long times of the year. 

Chap. 2. A Brief Survey of Ultraviolet Badiology. 

A brief review is given of ultraviolet radiology with special refe- 
rence to sources of ultraviolet for biological purposes, and the bio- 
logical effects on man of ultraviolet radiation. Besides the local 
effects, such as erythema, pigmentation and photophthalmia, irradia- 
tion is proved to be a potential factor for mineral metabohsm and 
for muscular working metabolism. 

Chap. 3. Hygienic Applications of Ultraviolet Radiation. 

Previous attempts to provide for ultraviolet radiation in interior 
localities by means of ultraviolet-transmitting -window glass and 
artificial sources are re-viewed; the former is mostly inefficient, the 
latter is not yet adeq^uately studied. Results obtained in large-scale 
investigations on the benefits of artificial sunlight treatments in the 
usual way -with ‘solaria’ have given no e-vidence of decreased sick- 
ness-incidence or duration. Physiologically estimable increases of 
muscular -worlring capacitity may, however, result. A modern hy- 
giemc apphcation of ultraviolet radiation is made by the radiant air 
disinfection for control of air-borne spread of infections. An efficient 
source for this is the bactericidal low-pressure mercury arc. 
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JI. The UV- Illumination System. 

Chap. 4. The Basic Design of the TJV -Illumination System. 

The design of the UV-illumination system was made with careful 
consideration of spectral and dosage relations of ultraviolet irradia- 
tion effects on man, of which a detailed account is given. The im- 
portance of the time-factor is stressed. A system of terms and units 
intended for practical purposes is described. It was shown that for 
the action on the occupants the short-wave spectral hmit of the ra- 
diation ought to be situated at the wavelengths 280 — 290 mjA, al- 
though the prevalence of shorter wavelengths is accompanied by 
the benefits of a stronger bactericidal effect on-air and environments. 
The system was designed for classrooms and so that the daily expo- 
sure should approximately reach the erythema threshold dosage on 
the face and hands of the children. 

Chap. 5. The Technical Arrangement of the TJV -Illumination System. 

The technical arrangement comprised of radiating source, diffus- 
ing reflector, and reflecting paints on ceilings and walls. The 
source consisted of a medium-pressure quartz mercury-arc enclosed 
in an outer bulb of special glass permitting the emission of radiation 
in the medium-wave range 280 — 315 m[i, but mostly absorbing ra- 
diation of shorter wavelengths. A pleasant colour of the illumina- 
tion was obtained by supplementary incandescent lamps. A type 
of reflector, and some ultraviolet-reflecting paints, developed- du- 
ring the investigation, are described. The total wattage required 
for the illumination of an ordinary classroom of 50 sq. m. floor area 
amounted to about 2 kilowatts, most of which was due to the in- 
candescent lamps. 

Chap. 6. The Radiation Climate of the Experimental Rooms. 

The intensities of ultraviolet radiation obtained in the classrooms 
equipped with UV-illumination were computed and experimentally 
controlled to be at the level required for erythema-effective expo- 
sure in 3 — 5 hours. In the more intensively irradiated room the 
children developed a slight but -visible degree of pigmentation. No 
single case of harmful effects occurred in spite of the comparatively 
high intensity of short-wave ultra-violet radiation. 
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Chap. 7. The Physical Methods Employed. 

The physical methods employed for measurements of spectral 
energy distribution, spectral transmittance and reflectance and 
spectral radiant intensities are described. A new semi-quantitative 
spectrographic method for the direct estimation of spectral energy 
distribution is developed. 

Chap. 8. A Comparison with Daylight Ultraviolet Conditions. 

Data available on the spectral energy distribution in sun and sky 
radiation at different elevations of the sun were used to give a basis 
for comparison with the artificially created indoor ultraviolet ra- 
diation climate. The daily amounts of antirachitic radiation were 
computed for different seasons and different latitudes. Practically 
no such radiation reaches the earth during 4 — 5 of the winter months 
at the latitudes of Scandinavia. The maximal annual amounts, cal- 
culated for a presumed cloudless year, increase markedly towards 
southern latitudes. The artificially made radiation climate offers 
some resemblance to the natural outdoor radiation conditions at a 
sun elevation of 30 degrees with respect to antirachitic and erythe- 
mal effect but is much weaker in pigmentation effect. 

III. The UV- Illumination Effects. 

Chap. 9. A General Scheme of the Investigation. 

The investigation of physiological and hygienic effects of the UV- 
illumination was carried out in a Primary and a Secondary school 
of Uppsala during a period of years. A total of 220 children aged 
about 7 and 10 years, respectively, were involved in the investiga- 
tion, 120 of whom received ultraviolet irradiation for some period of 
time. The methods of the statistical treatments and the reproduc- 
tion of the results are described. 

Chap. 10. Effects on Some Constituents of Blood. 

Blood analyses on the children were carried out with regard to 
the levels of haemoglobin, total calcium, inorganic phosphorus and 
alkahne phosphatase. Six series of determinations were made, dis- 
tributed over different seasons of the year. A seasonal variation in 
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untreated groups was recorded for the plasma level of calcium, with 
a maximum concentration in September or October and a mmimuTn 
concentration in March, and for the plasma phosphatase activity, 
with the seasonal course reversed to that of calcium. In the irradia- 
ted groups these seasonal variations were completely coimterba- 
lanced, and the concentrations maintained at the normal autumn 
levels during the winter. The levels of inorganic phosphorus as well 
as of haemoglobin showed no significant variations with the seasons, 
and no pronounced effects were obtained by the ultraviolet irradia- 
tion. 

The administration of a single dose of 250,000 I. U. of vitamin D 
(calciferol) to a small group of n on-irradiated children in mid- 
winter did not significantly influence either of these blood levels. 

The interpretation reveals the dominant and selective importance 
of ultraviolet radiation for the maintenance of the mineral metabo- 
lism at the optimal level found in autumn in these school children. 
The seasonal variations are explained .as due to the state of accumu- 
lation of solar-formed substances in the body; the normal winter- 
diet is not sufficient to replace the lack of natural ultraviolet radia- 
tion. The mechanism of action of the radiation, whether solely due 
to formation of vitamin D or if a specific hypercalcaemic effect is 
also involved, is discussed. 

Chap. 11. Effect on Physical Fitness. 

The scores of physical fitness were obtained for Secondary school 
boys in irradiated and control classes (60 — 90 boys) in six series of 
determinations apphed at different seasons. The test comprised a 
set of cardiovascular criteria apphed in the submaximal phase of a 
continuously graded work on a bicycle ergometer. Detailed accounts 
of the method and the experimental controls of rehability carried 
out are given. Untreated control children showed a tendency to a 
seasonal variation in physical fitness, with the highest scores in 
autumn and lowest scores in spring. By means of the UV-illumina- 
tion the scores were maintained or rather increased during the win- 
ter, and the difference between irradiated and control children was 
especially marked in the spring. 

The vitamin D dosage administered to the control group strongly 
indicated an effect in the same direction as obtained by the irradia- 
tion. 
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The results emphasize the importance of solar ultraviolet radia- 
tion and its accumulation in the body, probably in the form of vita- 
min D, as a factor for the general well-being of children. Decrease 
of working capacity seems to constitute a sensitive sign of vitamin 
D deficiency. The findings are discussed in the possible relation to 
“spring-fatigue.” 

Chap. 12. Effect on Air-Bor-ne Bacteria. 

The bactericidal effect of the UV-illumination was studied on a 
laboratory scale by infection-chamber experiments, and by counts 
of total bacterial concentration of the air in the experimental and 
control classrooms. A physical interpretation of radiant air disin- 
fection is made with special reference to the uniform irradiation of 
the room obtained with TJV-illumination. Theoretical as well as ex- 
perimental evidence is given for a killing-rate of respiratory aic-bome 
organisms in the zone of the occupants corresponding to an equi- 
valent ventilation of about 30 air-changes per hour. The average 
count of total bacteria in irradiated classrooms was foimd tolbe about 
half the count in control classrooms; the reduction of most patho- 
genic bacteria may be expected to have been still greater. 

Chap. 13. Effect on Absenteeism. 

Eecords of absenteeism due to illness were made for each week of 
the terms for different groups of school children in Uppsala for the 
years 194:3 — 1947. The features of the seasonal course are discussed. 
On the basis of these statistics it is shown that the UV-illumination 
in some cases caused a marked reduction of absenteeism; the effect 
in this respect seemed to depend on the intensity of the irradiation 
and ceased when the ultraviolet sources began to age. The effect is 
ascribed to the air-disinfection obtained by the use of the UV-illu- 
mination. 

IV. General Discussion. 

The results are discussed with respect to the general conclusions 
regarding technical, physiological, and hygienic aspects of the 
UV-illumination which are emerging from the investigations. An 
application of this kind of illumination seems recommendable 
especially in localities as schools and day-nurseries where children 
are brought together. The bactericidal effect, particularly, may 
justify its use in other cases also. 
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Introduction and problem 


The work to be described in this paper contains an analysis 
of the thermal properties of mammalian A and C fibres. Selective 
differences in thermosensitivity had been described in this labor- 
atory for various nerves. Since these papers served as a starting 
point for my own work I will first give a brief summary of their 
content. 

Bernhard and Granit (1945) took up thermostimulation of 
nerve in order to study a simple model temperature end organ. 
They found that impulses were discharged when the nerve was 
heated or cooled from a zero temperature of 37°. In both cases 
the locally heated or cooled region became electronegative 
relative to nerve at their equilibrium temperature of 37°. They 
assumed that the heat or cold potentials thus created served as 
generator potentials initiating the discharge of impulses. 

These experiments were further developed by C. v. Euler 
(1947) and by Granit and Lundberc (1947). They proved that 
local cooling of mammalian nerves only stimulated the large 
myelinated fibres, whereas local heating to 45° in an equally 
selective fashion stimulated tlie thin afferent fibres. An extensive 
analysis of these effects by C. v Euler demonstrated that heating 
stimulated small afferents including the C group. 

V. Euler also took up the question as to whether the heat and 
cold potentials arose in fibres of different diameter. By choosing 
peripheral nerves, as homogeneous as possible with respect to 
fibre size, he arrived at the following conclusions: (i) local heat- 
ing from 37° to 45° renders tlie heated region electro-negative 
in nonmyelinated and in thinly myelinated fibres of the B group 
whereas no changes whatever or very small ones occur in large 
myelinated fibres; (ii) on the other hand, the large myelinated 
nerve fibres remain practically uninfluenced by heating but 
respond to local cooling from 37° downivards wdth the charac- 
teristic cold potential, mentioned above. 
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By thermostimulation and an analysis of the changes in the 
membrane potential introduced by local cooling and warming 
of nerves it has thus been demonstrated that there are differences 
in the thermal sensitivity of various fibre types. Since it is prob- 
able that such dissimilarities are due to important differences 
in the physico-chemical properties of the structures concerned 
a systematic analysis of the effects of temperature changes was 
undertaken. 

In this work A and C fibres have been studied separately and 
their properties compared. Characteristic differences have been 
found for the two fibre groups. The membrane potential, the 
spike and the negative afterpotential are features of nerve 
activity which have been systematically studied in relation to 
temperature changes. These results have been described in Part I. 
Part II is devoted to an analysis of the effects of potassium 
on the thermal sensitivity of membrane potential, spike and 
negative afterpotential by means of variations in the concentra- 
tion of potassium ions in the external medium surroimding the 
nerve. The A and C fibres were found to be differentially sens- 
itive to temperature changes when investigated by means of the 
functions- enlisted above as indicators. It was possible to establish 
different temperature optima in the two kinds of fibres with 
respect to those indicators. Modest variations in the concentra- 
tion of potassium ions were foimd to shift these optima so that, 
within limits, it became possible to change the specific thermal 
properties of the A fibres in the direction of those of C fibres or 
vice versa. Thermoanalysis of the two fibre groups thus has 
provided a system of correlations as well as a method of approach 
to be described in detail below. 
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PART I 


The tliermal sensitivity of membrane 
potential, spike height and negative after- 
potential in mammalian 
A and C fibres 


Historical section 

In the last century interest in the effects of temperature upon 
nervous tissue was centred around questions concerning nerve 
irritability, thermal stimulation and the cold block. But with the 
advent of the membrane theory it appeared that subjecting the 
nerve to temperature changes offered possibilities for establishing 
the nature of the membrane. Bernstein (1902) experimented 
along such lines. Hermann (1871) showed that a cooled portion of 
a muscle became electronegative relative to a region at normal 
temperature and Grutzner (1881) confirmed this observation 
for peripheral nerve. Verzar (1911) returned to this aspect of 
the problem and confirmed Griitzner’s observation. Using frog 
nerve he also noted that heating above 20 ° reduced the mem- 
brane potential. The effect was described as the setting up of 
a demarcation potential. Actually, what he observed, was that 
the membrane potential of frog nerve has its maximum around 
20°. The depolarization due to cooling was small, only around 
1 mV. Similar values were obtained by Bremer and Titeca (1934) 
who, however, found the depolarization due to heating to be of 
a larger order. 

As already pointed out above, Bernhard and Granit (1946) 
used mammalian nerve and the body temperature as their 
equilibrium temperature. Starting from this level both heating 
and cooling caused depolarization. C. voN Euler (1947) came 
to the conclusion that the ’’cold potential” was set up in large 
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myelinated fibres, the ’’heat potential” in thin fibres (see above. 
Introduction). 

Several authors have described effects of temperature upon 
the action potential. Gasser (1930) and Amberson, Parpart and 
Sanders (1931), demonstrated that the negative afterpotential 
in A fibres (frog) was small at low temperature. The effect of 
cooling upon the spike was studied on frog nerve by Gasser 
(1931). The animals were acclimatized to 30° and, when the nerve 
was cooled starting from this temperature, the spike diminished 
and disappeared at about 5°. At the same temperature the nerve 
became inexcitable. Gasser also found that the durations of the 
rising and falling phases of the spike were symmetrically extend- 
ed by cooling. As to the mechanism imderlying the diminution 
of spike height at low temperatures he indicated, basing himself 
on a comparison with the results of Verzar, that the spike 
potential could not be determined by the resting potential. In con- 
nexion with their work on the influence of temperature upon 
the membrane potential Bremer and Titeca (1934) observed 
that in frog nerve spike height was maximal at 15 — 22°, i.e. 
the temperature to which their animals were acclimatized. 
Schoepfle and Erlanger (1941) studied the effect of cold on 
their single fibre preparation in the frog’s toe nerve. Cooling to 
8° augmented the spike height and, contrary to Gasser, they 
found that the descent of the spike was far more prolonged by 
cooling than its ascending phase. The temperature to which 
their frogs were acclimatized is not given. 

An extensive analysis of the effect of temperature on the 
action potential of frog nerve has been carried out by Lorente 
DE No (1947). The changes in the action potential brought about 
by cooling were identical with those produced by lack of oxygen 
or by depolarizing agents. In his experiments the spike had its 
maximum at 10 — 15^. Cooling was found to reduce his L-fraction 
of the membrane potential. At 6^ it was a great deal smaller 
than at 18° and at 2.5° it was practically non-existent. By 
studying what he calls the R 2 deflection he also found that 
his M-fraclion of the membrane potential diminished during 
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cooling so that, at a temperature of 0—2.5°, the membrane 
potential consisted only of his Q-fraction. 

Lorente de No also discusses the question as to how tlie 
changes in the membrane potential, due to cooling, are related 
to the diminution of spike height and the final inexcitability. 
Having noted that cooling changes the spike in the same manner 
as anoxia and certain metabolic inhibitors which reduce the 
membrane potential he proceeds to demonstrate that the onset 
of inexcitability in the cooled nerve cannot he due to depolariza- 
tion, even though, in general, a large enough reduction of the 
membrane potential is accompanied by inexcitability. Appar- 
ently the mechanism of spike generation is disturbed by the 
lowering of the temperature. The complexity of the problem is 
illustrated by the fact that externally applied anodal currents 
restore the excitability of the cooled nerve as if the loss of excita- 
bility really had been due to depolarization. 

The many attempts to block impulse activity by temperature 
changes provide a great deal of interesting information. Thus it 
is an old observation that nerves of coldblooded animals are 
blocked by warming at louver temperatures than those of mam- 
mals, and it is also kno^vn that cooling blocks mammalian nerves 
at higher temperatures than frog nerves. The latter are very 
resistant to cold. The block occurs at — 2° to — 7° (Boycott, 1902, 
Buhler, 1905, Bahrman, 1932 and Boyd and Ets, 1933, 1934). 
An interesting exception has been reported by Garten and 
SuLZE (1913). They studied a tropic frog and found that tlie 
block occurred at a very much higher temperature, generally 
armmd + 5°, sometimes at still higher temperatures. Previously 
Howell, Budget and Leonard (1894) had found that nerves 
from spring frogs also were blocked at relatively high tem- 
peratures, generally at +5°, but often at still higher tempera- 
tures. 

Normally frog nerves are very sensitive to warming. Thorner 
(1920, 1922) observed with Temporarias that tlie blocking 
temperature was at 33°. Thorner (1922) and Bremer and 
Titeca (1946) have studied the mechanism of tlie block due 
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to warming. Adensamer (1934) found that higher temperatures 
were required for . blocking frog nerves the further south the 
animals came from. 

Far less cooling is necessary in order to block mammalian 
nerves. Grutzner (1878), working witli dogs, foimd the motor 
fibres in the sciatic nerves to be blocked at 6° whereas tlie 
sensory ones conducted down to 1°. In order to block the vagus 
Boycott (1902) had to reduce the temperature to 0°. There is, 
however, some variation in the figures given by different ob- 
servers. The experimental animals may also differ in thermo- 
sensitivity. Thus Howell, Budget and Leonard (1894) reported 
that the vagus in dogs was blocked at 0°, in rabbits already 
at 15°. 


Teclinique and procedure 

In the experiments on A fibres the 6th and 7th lumbar roots 
of the cat were used. These nerves do not contain C fibres and 
are long enough for our purpose. 

The cats were decerebrated in ether anaesthesia. After a one 
hour period of recovery the roots were removed as carefully as 
possible and placed into a bath containing Krebs solution. 

For work on C fibres the splenic nerve of the cow was the 
standard preparation. This nerve was excised with appending 
vessels about 5 minutes after the slaughter of the animal and 
immediately placed into warm Ringer saturated with 93.7 % O 2 
and 6.3 % CO 2 . They were brought to the laboratory and 15 
minutes later dissected. This lasted about half an hour. They 
were then placed into the bath containing the Krebs solution, 
saturated with the same gas mixture as above, and left there to 
equilibrate for 2 — 3 hours before the experiments were begun. 

Some experiments were also carried out with the roots of the 
cow. These could not be removed immediately because of the 
extensive operative procedures and so did not reach the bath 
immediately. On the other hand time was gained in the later 
phases because dissection in the laboratory only required a few 
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minutes. Aftenvards tlie roots were kept in the balli for 4 — 5 
hours before experimentation. 

The nerve bath consisted of an outer case containing paraffin 
oil, heated electrically. A bowl in the liquid paraffin was the 
nerve bath proper and held about 400 ml saline. The nerve 
was subjected to local temperature changes with the aid of a 
1 cm silver thermode containing a groove for the nerve. This 
thermode had been lacquered repeatedly with a special lacquer, 
each time dried at 300° in order to secure perfect isolation. 
The temperature of the thermode was regulated by a circulating 
fluid, in the beginning water but later paraffin oil. Tlie tempera- 
ture was controlled at the affluent branch of the thermode by 
means of a thermocouple connected to a Cambridge spot galvano- 
meter for visual control. In addition it was recorded photograph- 
ically by a mirror galvanometer critically damped to a period 
of one second. In order to preserve a reasonable amount of 
sensitivity without increase of film width, the galvanometer 
mirror was illuminated by two adjacent light beams in such a 
manner that when a large deflexion of the mirror removed one 
of the light spots from the film the other one took over and con- 
tinued the record. A Jacquet clock interrupted one of the light 
beams for time marking. 

Ag-AgCI electrodes were used for the recording of all poten- 
tial changes described in this work. The nerve was placed in the 
thermode with one end dipping into the bath. One electrode 
was on the nerve in the thermode, the other one in the bath 
which also was earthed by means of a third electrode. The record- 
ing electrodes were taken to a directly coupled amplifier with a 
high input resistance operating a moving coil galvanometer critic- 
ally damped to a period of one second. Action potentials %verc 
recorded in tlie customary way with one electrode on the severed 
end of the nerve and another one not less than 1.3 cm furtlier 
down. The latter touched that part of the nerve that was inside 
the thermode. 

KCl was not normally used in order to eliminate the diphasic 
artefact. The thermosensitivity of the nerve is very much in- 
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fluenced by an excess of potassium ions (vide infra). For this 
reason a diphasic artefact was held to be a minor evil than a 
suspected diffusion of potassium ions into the thermode region 
of the nerve. 

The amplifier was condenser coupled with two alternative 
time constants of respectively one and ten seconds. The latter 
was employed for work on afterpotentials of C fibres. The shorter 
time constant was used in all other experiments. 

For stimulation a device was available delivering rectangular 
pulses of variable intensity and duration. The shock artefact was 
controlled by a compensation bridge. 

All experiments were performed with nerve or roots in Krebs 
solution; NaCl (0,154 M) 100 , KCl (0,154 M) 4, CaClg ( 0,11 M) 3, 
KH 2 PO 4 (0,154 M) 1, MgS 04 ' 7 H 2 O (0,154 M) 1, NaHCOs 
(0,154 M) 21 volume parts; 1 g glucose per liter solution. The 
fluid was aerated continuously with the gas mixture containing 
93.7% O 2 and 6.3% CO 2 . This gave it a pH of 7.35. The gas was 
pre-warmed and saturated with humidity. The gas flow was reg- 
ulated to about 1 liter per minute. 

Artefacts. Analysis of the thermopotentials by the method out- 
lined above is fraught with risks for artefacts. In the beginning 
the most troublesome artefacts were those introduced by the 
water passing through the thermode. Apparently the thermode 
served as a condenser picking up the potentials from an ele- 
ment formed by two different metals within the circulating 
system. These difficulties could be wholly eliminated by the use 
of paraffin oil as the circulating medium. It was also noted that 
artefacts occurred in the shape of thermopotentials when the 
resistance between the recording electrodes was too high. This can 
be observed with particularly thin nerves. But in a nerve of 
greater thickness the layer of humidity causes a reduction of 
interelectrode resistance which is sufficient to remove potentials 
due to differences in temperature between the two electrodes. 
Other artefacts observed and avoided by various procedures 

were of the kind seen in all electric recording and not character- 
istic for this work. 
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Results 


Chapter 1. Variations in the membrane potential of 
A and C fibres in response to local 
temperature changes 

It has been my aim in this investigation to study tlie thermal 
sensitivity of the membrane potential in nerves containing as 
much as possible of but one type of fibre (Cf. C. v. Euler, 1947) 
and for this reason the lumbar motor roots 6 and 7 were chosen 
as representatives for A fibres. These are lacking C fibres but 
possess in addition to the alpha fibres a group of small fibres 
(see Eccles and Sherrington, 1930, Leksell 1945). The roots 
have the further great advantage of being without perineural 
sheatlis. The splenic nerve of the cow proved to be an excellent 
preparation for pure C fibres (studied from other points of 
view by Prof. U. S. v. Euler in the Physiological Department to 
whom I am indebted for having dra'vvn my attention to this 
preparation). The experiments were carried out on nerves from 
which the perineural sheath had been removed, a procedure easy 
to perform. Controls showed tliat the ’’unslieatlied” nerves did 
not differ in their temperature sensitivity from normal ones if 
tliey had been carefully handled during this operation. 

A fibres. The thermopotentials recorded from excised nerves 
are somewhat smaller than those obtained from nerves in situ. 
The reasons for this difference were not examined by experi- 
mentation. It is possible that the artificial milieu had changed 
the properties of the fibres; it is likewse possible lliat the 
difference noted was due to the different conditions of recording, 
against tlie bath in the one case, against thermallj neutral tissue 
in the other. The nerves may in tlie former case have had an 
additional shunting layer of fluid in the bath. Whatever the 
reasons for the difference it is clear tliat too much importance 
should not be attached to the absolute size of the potentials. 

As slioivTi by fig. 1 the cooled region became negative upon 
cooling. For a difference of from 37° to 15° the potential change 
amounted to about 2 mV. The effect of cooling took place quick- 
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Fig, 1. 7th lumbar motor root, cat. Changes in membrane potential to 
cooling 37*" — 15® (upper record) and to warming 37® — 45® (lower record). 
Deflection upwards negativity. Upper temperature line interrupted every 3 sec. 


ly and the delay in the appearance of the negativity can probab- 
ly be wholly explained by the fact that the temperatvire was 
not recorded in the nerve but in the affluent branche of the ther- 
mode. In these experiments tlie nerves were only cooled for 15 — 
— ^20 sec. The size of the cold potential, however, is not influ- 
enced by the duration of cooling. The nerve may be kept at 15° 
for half an hour at a constant level of potential, and yet tlie 
restitution takes place in the same ^v^ay as after a much shorter 
period of cooling. The lower limit in these experiments was at 
15° but this value was chosen at random. The depolarization 
continues at least down to 5° which was the lowest temperature 
at which observations were made. When the temperature again 
was increased to its normal equilibrium level at 37° there was 
often an overshooting relative to its equilibrium value in the 
restitution of the potential. 

When the thermode was warmed from an initial level between 
37 40° the warm region similarly became negative. This po- 

tential was of a smaller order. When the nerve was warmed to 45° 
it amounted to 0.5 — 1.0 mV. Warming to this temperature has 
never been extended beyond 10 — 15 sec. The reason for this is 


that when warming had been continued for 15 sec. it was noted 
that depolarization still was in progress although tlie nerve must 
have acquired a constant temperature by this time. This suggests 
that at 45° a process of deterioriation is started and tliis sugges- 
tion was confirmed by the observation that the repolarization for 
the equilibrium level at 37° was slow and sometimes incomplete. 

In the course of an experiment the tliermopotentials gradually 
diminished so that they, after a period of 3 hours, %vere about 
2/3 of tlieir original size. 

Dorsal roots were also examined in order to find out whether 
they differed ■with respect to their thermopotentials from the 
ventral roots. The cold potentials were regularly smaller in tlie 
dorsal roots while the differences in the heat potentials were less 
regular. As a rule the latter were larger in the dorsal roots hut 
exceptions were not uncommon. 

These observations may be briefly summarized in the state- 
ment that the membrane potential of A fibres is equilibrated to 
the temperature of the body and that both warming and cooling 
from this level results in a depolarization of tlie thermally in- 
fluenced region. 

C fibres. In the first experiments on tliermopotentials in C 
fibres the results only differed from those with the roots in that 
the response to heat was relatively larger than the response to 
cold. But it soon turned out that the similarity was due to a less 
satisfactory technique of dissection. As soon as the technique for 
dissecting the splenic nerves had been perfected it became obvious 
jn niost nerves tlie tliermopotentials in the C fibres differed 
from tliose in tlie roots. 

The typical result is illustrated by fig. 2. Upon warming from 
J.Q 45° a negative heat potential of about 1 2 mV is ob- 

tained. On returning to 37° a part of this potential is quickly 
restituted, another part is restored very slowly. In some cases the 
fast phase of restitution was missing and the normal level of 
potential regained very sloivly, as in the A fibres. 

To cooling from 37° the nerve responded in quite another 
fashion than the A fibres of the roots. The cold potential began 
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Fig, 2. Splenic nerve, cow. Changes in membrane potential (arrow) to 
cooling 37® — 15® (upper record) and warming 37® — 45® (lower record). 
Deflection upwards negativity. Marked as fig. 1. 


with a positivity reaching its highest value at about 25°. When 
local cooling was continued to 15° this thermopotential diminish- 
ed and the isoelectric line corresponding to the equilibrium at 
37° was attained. But the membrane potential at 15° need not 
always be precisely at the isoelectric level. It may be somewhat 
positive or slightly negative. On returning to 37° a positivity is 
observed which, however, does not become as large as the initial 
response to cooling from 37°. 

Thus tlie membrane potential of the C fibres has its maximum 
at a temperature lying considerably below the body equilibrium 
temperature of 37°. 

In order to investigate the thermal equilibrium point — as 
distinct from the body equilibrium of 37° which for A fibres 
happened to coincide with the thermal equilibrium point — I 
used the condenser coupled amplifier with the large time 
constant of 10 sec. Fig, 3 demonstrates the method employed. 
The underlying idea is that as long as cooling turns the mem- 
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Fig. 3. Splenic nerve, cow. Influence of changes in the temperature on the 
membrane potential (arrow) studied by means of a condcnsor coupled 
amplifier with large time constant and high amplification. Deflection upwards 
negativity. Cooling from 30° (A) and warming from 20° (B) produce a 
positive response. To cooling or warming from 25° the response is negative 
(C resp. D). Upper temperature line interrupted every sec. 


brane positive the equilibrium point must be belo^v the tem- 
perature from which cooling was started. Similarly, when warm- 
ing renders the nerve positive, the equilibrium must have been 
above tlie temperature from which warming was started. Thus, 
in tlie experiment illustrated by fig. 3 when cooling begins at 30° 
the membrane equilibrium potential must be below 30° because 
the cooled region has become positive. At 20° local warming has 
resulted in increased positivity. Therefore tlie equilibrium point 
must be somewhere betwen 20° and 30°. Fig. 3 C and D shows 
that when starting from 25° both cooling and warming render tlie 
region imder the thermode negative. The membrane lias thus 
been in thermal equilibrium at 25°. 

Experiments with a large number of splenic nerves showed 
that the thermal equilibrium of the nerve membrane was be- 
tween 20° and 30°. Mechanical damage shifted this equilibrium 
point upwards, to higher temperatures. Thus it is possible that 
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Fig. 4. Splenic nerve, cow. Upper record, normal response of membrane 
potential to cooling. Middle record, normal response to warming. Lower 
record taken 1 min. after the middle one shows how tlie response to cooling 
after a period warming is altered. Marked as fig. 1. 


tlie lowest values are the most probable ones. This would place 
the thermal equilibrium point for the splenic nerve at about 20^. 

Fig. 4 shows that warming to 45^ clianges the subsequent cold 
potential in such a fashion that the initial positivity of the re- 
sponse diminishes, that the nerve becomes relatively more nega- 
tive at 15*^ and that upon returning to 37° the positivity increases. 
A brief heating to 45° is therefore equivalent with damage to the 
nerve in that both cause a shift upwards of the thermal equilib- 
rium point of the membrane. This indicates that in C fibres heat 
and cold responses should not be studied in parallel with the 
thermode at tlie same region of the nerve. On the other hand. 
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it should be emphasized that in the splenic nerve neitlier the 
thermal equilibrium point nor the thermopotentials tliemselves 
change very much in the course of a carefully conducted experi- 
ment. After a period of 4 — 5 hours they are practically the same 
as in the beginning of the experiment. 


Discussion 

The results of this section are summarized by the diagram of 
fig. 5 illustrating the properties of the membrane potential of 
mammalian A and C fibres as functions of local temperature 
changes introduced by the thermode techilique. The temperature 
at which the membrane potential has its maximum has been 
defined as the point of thermal equilibrium. In the diagrams of 
fig. 5 this point appears as the minimum of the curves for 
A and C fibres. A glance at these curves shows that, in a general 
way, results such as those of C. v, Euler (1947) are to he expect- 
ed. He noticed, it will be remembered, that, starting from body 
temperature, thin fibres are depolarized by warming to 45°, thick 
myelinated ones by cooling. 

In appraising the significance of these observations it is 
necessary to consider a few critical objections. In the first place 
the experiments were carried out on different kinds of mammals. 
This argument was met by a number of controls devoted to an 
examination of the tliermopotentials in the ventral roots of the 
cow. These turned out to have the same thermal properties as 
those of the more conveniently obtainable spinal roots of the 
cat. In the second place one should consider the circumstance 
that the C fibres were asphyxiated for a while, whereas the A 
fibres directly coidd be put into the nerve bath. Asphyxiation 
of A fibres was therefore investigated. It was found that after a 
period of asphyxiation the thermal equilibrium point had shifted 
dotmwards to a region of 30 — 35° but tliis effect was temporary. 
It disappeared after some 5 to 10 minutes. Since the C fibres 
only were asphyxiated for a short while and since their thermal 
equilibrium was permanently low it is impossible to ascribe the 
differences between A and C fibres to this particular experi- 
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Fig. 5. The membrane potential of A and C fibres as functions of tempera- 
ture. The temperature ranges for minimum ordinates represent the equilibrium 
point (=maximum of membrane potential). 


mental factor. Thus, there is every reason to believe the differ- 
ences described to he real. 

It is accordingly concluded that the motor A fibres are ther- 
mally equilibrated to body temperature — as indeed a priory 
would have seemed natural for all nerves — and the C fibres 
to a considerably lower temperature. 


Chapter 2. Differences in thermal sensitivity between 
the action potentials of mammalian 
A and C fibres 

In the former chapter it was shown that the membrane po- 
tentials of mammalian A and C fibres possess their optima at 
different temperatures. The depolarizations tliemselves set up 
by moderate temperature changes, are small and need not 
necessarily do more than slightly modify the fimctional activity 
of the nerve. Nevertheless rather remarkable alterations of nerve 
functions are caused by temperature changes which but little can 
have changed the membrane potential (Verzar 1911, Bremer 
and Titeca 1934, Gasser 1931, Lorente de No 1947). The differ- 
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ences found in the thermal equilibria of A and C fibres, though 
interesting in themselves, need not therefore represent significant 
functional differences between these two fibre types. For this 
reason it is important to examine some otlier aspects of nerve 
activity such as spike height and afterpotential in order to 
establish whatever temperature correlations can be established by 
these means. In this chapter a beginning is made with the spike. 

The most interesting results have been obtained by cooling 
the nerve. Warming has only been investigated up to 45° as 
higher temperatures tend to cause prolonged and profound altera- 
tions of the thermosensitivity of the nerves. The heat block, so 
readily accessible to analysis in cold-blooded animals, has there- 
fore not been included in the present work. The nerve is ir- 
reversibly damaged at temperatures which are high enough to 
block the impulse. 

A fibres. In the motor alpha fibres the maximum spike height 
was obtained around 30° — 35°. Both cooling and heating from 
this range reduced it. As shown by fig. 6 the changes due to 
cooling from 37° are, to begin with, small. But further decrease 
in temperature brings on a rapid diminution of the spike which 
entirely disappears at temperatures between 15° — 7°, variable 
from case to case. The effect on the shape of the spike will be 
discussed in Part II. 

It has been shown that in frog nerves the blocking temperature 
for cold increases when the nerves have been mechanically 
damaged even though this damage has been of a very modest 
order (Boyd and Ets, 1933). This, in my experience, is true also 
of mammalian nerves and it is possible that the variations in 
sensitivity to cooling can he referred to the degree of damage 
to which the nerves have been exposed during the dissection. It 
v.^as necessary to dissect free a part of the extradural portion of the 
root in order to obtain nerves of sufficient length. Despite every 
care excercised in this operation it is difficult to perform it with 
the full assurance that slight mechanical damage has been com- 
pletely avoided. For this reason it is likely that the lowest values 
found in these experiments are the most probable ones. There 
is a definite connexion between blocking temperature and the 
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Fig. 6 . 7th lumbar motor root, cat. Supramaximal stimulation of alpha 
fibres. Spike recorded as different temperatures. Interpolar distance of 
recording electrodes 15 mm. 

optimum temperature. When one is raised or lowered the other 
one follows suit. 

The negative afterpotential has also been included in this 
analysis of temperature effects. 

Lorente de No (1947) found that his L-fraction is small in 
freshly excised mammalian nerve and that it, despite the pre- 
sence of CO 2 (which favours the L-fraction), after a couple of 
hours had still further decreased. Since the negative afterpoten- 
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tial is a function of tlie L-fraction one would expect it to behave 
in a similar fashion and this, in fact, is what I found. The nega- 
tive afterpotential in the roots disappeared after some hours. It 
was then replaced hy a positive deflexion. For this reason the 
temperature sensitivity of the negative afterpotentials was 
examined in the course of the first hours of the experiment. 

Fig. 7 illustrates a typical experiment. The negative after- 
potential has an optimum in the temperature range 37° — 40°. The 
left part of the record of fig. 7 shows the response to cooling 
from 37°. The negative afterpotential diminished rapidly and 
disappeared already at 27,5°. In some cases it was slightly more 
resistant to cold hut I have never seen it withstand 20°. When 
the root was warmed after a period of cooling it exceeded its 
normal value at 37° (uppermost record, on the right, one minute 
after this temperature had been established). The rest of the 
figure shows that the negative afterpotential again diminished 
when the nerve was warmed from 40°. Thus the maximum was 
in the temperature range of 37° to 40°. 

In addition to the standard preparations of motor roots I have 
also employed sensory roots as well as the phrenic and peroneal 
nerves. The A spikes of the dorsal roots proved less sensitive to 
cooling than those of the more homogeneous motor roots (pure 
alpha). The maximum spike height was at 20° — 30° and the spike 
disappeared between 5° — 10°. The lowest blocking temperature 
noted was 3°. In the peripheral nerves the spike height was max- 
imal at 25° — 15° and the spike disappeared at 3° — 0°. In the 
peripheral nerves the negative afterpotential of the alpha fibres 
was maximal at 30° — 37°. 

The differences in thermosensitivity just described cannot at 
the present moment be fully explained. There may be real dif- 
ferences between mammalian motor and sensory fibres and there 
may be a gradient in thermosensitivity along the nerves. These 
questions will have to be taken up in a separate paper. In this 
work the motor alpha fibres will serve as the prototype for A 
fibres. 

C fibres. The properties of the C fibres are less constant than 
those of the A fibres and so provide greater experiniental dif- 
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decrease of temperature lengthens the absolute and relative re- 
fractory periods. The latter may at the very low temperatures 
actually be as long as 10 sec. Therefore it has been necessary lo 
stimulate cooled C fibres with shocks not less than 30 sec. apart. 
But already above 15^ care should be exercised in not stimulating 
too frequently. If this is done one observes an increased negative 
afterpotential and a corresponding increase in spike height. This 
is probably due to a lengthened positive afterpotential. In order 
to prevent an accumulation of this change, C fibres, in the 
range of 37° — 15°, have been stimulated by shocks not less than 
10 sec. apart. 

Witli supramaximal stimulation of C fibres a considerable in- 
crease of spike height ensues upon cooling (fig. 8). The effect 
can be sho^vn to be restricted to the cooled region. The spike 
height does not increase just outside the thermode. The tempera- 
ture for maximum spike height varies somewhat in different 
nerves but generally lies between 5° — 10°. The increase may then 
amount to 300 — 400 %. Upon further cooling a diminution takes 
place. In most nerves the spike does not disappear until a tem- 
perature below — 5° has been reached. In some nerves, however, 
the spike disappeared already between 15° — ^20°. There is a simi- 
lar correlation between blocking and optimum temperatures here 
as for A fibres. The higher the one, the higher the other. We 
have every reason to ascribe the shift upwards of these two tem- 
perature fimctions to a similar cause, Le. to some damage making 
the nerves less resistant to cold. Accordingly the lowest tempera- 
tures noted should be considered the most physiological ones, 
the more so as the shift upwards of the temperature functions 
characterized a relatively small number of the preparations that 
were investigated from this point of view. 

The negative afterpotentials in the splenic nerve also have ther- 
mal properties differing from those of the A fibres. In most 
nerves the afterpotentials had their maximum between 25° — 30° 
but some exceptions ^vere noted. Fig. 9 illustrates an experiment 
in which the negative afterpotential of the splenic nerve was 
maximal at about 25°. Cooling causes spectacular changes in the 
amplitude of the negative after potentials. There is a definite in- 
crease already in response to a temperature drop of a few degrees. 
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Fig. 8. Splenic nerve, cow. 
Supramaximal stimulation ol 
C fibres, spike recorded at 
different temperatures. Inter, 
polar distance of recording 
electrodes 15 mm. 




Fig. 9. Splenic nerve, cow. Supramaximal slimulalion of C fibres. After- 
potentials recorded at different temperatures. The two lowermost records 
to the right, labelled 25® and 37®, taken upon returning from a period 
of cooling to 7.5°. Interpolar distance of recording electrodes 18 mm. 


At 25° the increase in the negative afterpotential has reached its 
maximum value; it then diminishes hut does not disappear com- 
pletely until a temperature of 7.5° has been reached. Usually 
the negative afterpotential did not withstand cooling to such a 
low temperature but disappeared between 15° — 10°. The figure 
also shows that there is a considerable increase of the duration 
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Fig. 10. Splenic nerve, cow. Same nerve as in fig. 9. RccorJ.s taken one 
liour later.' Supramaximal stimulation of C fibres. Intcrpolnr distance of 
recording electrodes 18 mm. 


of the negative afterpotential. Fig. 9 further illustrates that re- 
warming (in this case from 7.5°) also causes a large increase of 
the amplitude of the negative afterpotential. This increase 
which is found in most nerves persisls a few minutes. The same 
phenomenon was observed with the A fibres but it is far more 
conspicuous in the C fibres. Fig. 10 illustrates the spike as a 
function of temperature in the same nerve as that used for the 
experiment illustrated by fig. 9. 

Even though every care has been exercised in order to maintain 
proper humidity one sometimes finds the maximum of the nega- 
tive afterpotential at a very much higher temperature than 
normally and occasionally it is also impossible to provoke a nega- 
tive afterpotential, even by cooling. In such cases it is interesting 
to observe that the effects of cooling on the spike and on the 
afterpotential may run a different course. 

In order to discover whether the differences between mam- 
malian A and C fibres, described in this section, also could be 
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Fig. 11. Hypogastric nerve, cat. Supramaximal stimulation of C fibres. Action 
potential recorded at different temperatures. Shock artefact and B spike seen 
as discontinuity and irregularity of the ascent of the C spike. Interpolar 
distance of recording electrodes 15 min. 


reproduced in the same species, experiments were carried out 
with the excised hypogastric and accelerans nerves of the cat. 
They can be quickly excised and treated in the same way as the 
roots and that is of course satisfactory from a physiological point 
of view, but on the other hand the thin nerves are easily damaged 
during dissection and, as we have seen, injury of the slightest 
kind is sufficient to shift the temperature function upwards. 
However, in most of those nerves the response to cooling agreed 
with the effect just described for the splenic nerve of the cow. 
Fig. 11 illustrates a hypogastric nerve with the maximum of the 







Fig. 12. Hypogastric nerve, cat. Supramaximal stimulation of C fibres. Action 
potential recorded at different temperatures. Interpolar distance of recording 
electrodes 15 mm. 


negative afterpotential at 25° and with a 250 % increase of spike 
height at 10°. 

It was mentioned above that the response to cooling of the 
spike could be normal despite the fact that the negative after- 
potential was absent or was equilibrated to a higher temperature 
than normal. Fig. 12 demonstrates the opposite relationship. The 
response of the negative afterpotential to cooling is quite normal 
but spike height has its maximum at 25° instead of around 
^ Spike height and negative after potential are thus dif- 

ferent functions of the temperature, and these functions may be 
independent of one another. 

Simultaneous measurements of temperature potentials and the 
variations of the action potentials in response to cooling of the 
splenic nerve were performed in a number of cases. When the 
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nerve was cooled from 37° to the temperature at which the nega- 
tive afterpotential reaches its maximum it was observed that, if 
the negative afterpotential in the course of such an experiment 
increased hut modestly, then too the positivity that initiated 
the membrane response to cooling was small. It was also found 
that the membrane potential had its maximum in the same range 
of temperature as the negative afterpotential. Thus when a 
splenic nerve was chosen with the maximum afterpotehtial 
shifted upwards the membrane equilibrium was also shifted to 
the same range of temperature. 


Discussion 

The experiments have shown that A and C fibres differ with 
respect to the temperature sensitivity of membrane potential, 
spike and negative afterpotential. In motor alpha fibres the 
membrane potential has its maximum arotmd body temperature; 
similarly the negative afterpotential, but spike height is maximal 
at 30° — 35°. In the C fibres the membrane potential and the nega- 
tive afterpotential likewise have maxima in the same region, in 
this case, however, around 25°, and spike height is maximal at a 
temperature as low as 5°. 

The criticism that could be raised against the experiments on 
membrane potentials, namely that the A and C fibres were from 
different species (cow, cat), is irrelevant with respect to the 
spikes and after potentials because the C fibres of the cat were 
shown to behave like those of the cow. 

Another objection concerns the fact that A fibres from the 
roots have been compared with C fibres in peripheral nerve. It 
was sho^vn already by Du Bois-Reymond (1849) and recently 
confirmed by Rexed (1947) that the demarcation potential dimi- 
nishes from a maximum value in the roots downwards along the 
nerve. It is impossible to exclude a gradient in thermosensitivity. 
Actually the experiments showed that the action potential in the 
root had a different temperature sensitivity than further down the 
nerve. But this effect may be due to sensory fibres, to a real 
gradient of thermosensitivity or to both factors acting together. 
Further experiments should therefore be devoted to investigating 
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potential than the L-component since the negative after potentials 
at 37*^ are small or absent. 

It has been shown that in a normal splenic nerve cooling 
from 25^ causes some depolarization of the membrane but a 
considerable increase of spike height. This great increase in 
spike height is possibly a real increase of the internal action 
potential. These results do not fit the old theory according to 
which the spike potential is a passive and relatively complete 
depolarization of the membrane potential. There is also direct 
evidence against it. Thus Hodgkin and Huxley (1939; 1945) and 
Cole and Curtis (1941) have shown that in evertebrate nerve 
the spike potential exceeds the membrane potential, and Lor- 
ENTE DE No (1947), with frog nerve, has found that the impulse 
cannot be regarded merely as a temporary disappearance of the 
resting electromotive forces but represents the creation of new 
electromotive forces tending to establish a membrane potential 
of a sign opposite to that of the resting potential. The large 
increase of the spike in the cooled C fibres is therefore probably 
due to altered conditions for these electromotive forces, to be 
accounted for by the low temperature. 
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PAHT II 


The thermal sensitivity of A and C 
lihres in relation to the concentration 
of potassium ions 


Introduction 

It is ovitlontly nn attractive! propramme of research to in* 
vestipatc tlie effect of various substances on the thermal sen* 
sitiviiy of A and (I fibres in order to obtain further information 
ahnul the mcclianisms concerned. Preliminary experiments had 
slioxsn that polassium ions influenced the thermal sensitivity of 
the membrane jjotenlial and for this reason a hepinninp was 
made with experiments varyinp the concentration of potassium 
in the medium of the nerve. 


Mistorical section 

It has lonp been supposed that ])olnssiuni ions are of great 
importance for the nerve fibre. The preater concentration of 
potassium inside than outside the nerve fibre led Bkhnstkin 
( 1902, 1912) to Ills well-known ineinhrane theory according lo 
which the incnihranc potential was explained by tliis concen- 
tration difference on the supposition that llic mcnihraiic itself 
was imperrncahlc for sodium ions and anions. It was noted liy 
Mac Donaij) (1900), IIonKit and Sthohe (1929), and Bishop 
(19.32) that addition of potassium to the external medium 
caiised depolarization hut the theory also required that the de- 
polarization potential should he a linear function of the logarithm 
of the potassium concentration. CotVAN (1934), STEiNHACir (1940) 
and Cole and CuuTis (1942) found this to he the ease for a 
limited range and with cvertehrate nerves hut their results were 
not confirmed Iiy Gutiman (1940). Lohente de No (1947), 
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working with frog nerve, did not find a linear relationship be- 
tween the logarithm of potassium concentration and tlie amount 
of depolarization. 

Lorente de No (1947) also produced evidence for the in- 
adequacy of the classical theory and himself arrived at the con- 
clusion that the potential difference across the membrane is 
maintained directly by the oxidative metabolism. Fenn, Cobb, 
Hegivauer and Marsh (1934) have sho^vn that, when a frog nerve 
is kept in a solution containing 0,005 M potassium, the internal 
potassium concentration of the nerve remains constant but that 
every increase or decrease of this concentration makes the nerve 
respectively gain or loose potassium ions. 

Lorente de No (1947) has summarized his own results in the 
folloAving statement: "The external concentration of K+ ions 
plays a role in the maintenance of the resting membrane potential 
only in so far as it is necessary for tlie maintenance of tlie internal 
potassium concentra’.ion, or otlienvise stated, in so far as the 
changes in the external result in changes in the internal potassium 
concentration. The role that is played by the latter is more direct 
hut it is subordinate to the role of oxidative metabolism, because 
although an increase of the internal potassium concentration 
results in a depolarization of nerve, the membrane potential may 
be increased even beyond the normal level by the exalted activity 
of the oxidative mechanisms that follows after a period of 
anoxia. Thus, it can be stated that oxidative metabolism may 
result in the establishment of a membrane potential of the same 
magnitude as that of untreated nerves in the presence of a lowered 
internal concentration of potassium as well as in the presence 
of a raised concentration.” 

The role played by the high internal concentration of potassium 
is unknown but probably it serves to maintain the internal milieu 
required by the metabolic processes. Chang, Shaffer and 
Gerard (1935) have sho^vn that an excess of potassium ions in 
the external medium lowers the resting oxygen uptake. Lorente 
de No (1947) has found that, at least in a certain phase, excess 
potassium in the external medium diminishes the rate of the 
anoxic depolarization of the nerve. This is of importance because 
he has also found that agents which delay tlie anoxic depolari- 
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zation retard some of the metabolic processes engaged in main- 
taining the membrane potential. In some experiments Lorente de 
No investigated the effect of potassium-free Ringer. In respiring 
nerve the membrane potential was not significantly altered but 
in anoxic nerve he observed a temporary delay of the depolariza- 
tion, and the oxidative repolarization was accelerated, compared 
with the rate of repolarization in normal Ringer. These results 
suggest that by a diminution of the potassium concentration 
different - conditions had been established for the metabolic 
processes. 

The literature concerning the significance of the potassium/ 
calcium ratio for nerve functions is extensive. Only some observa- 
tions on the action potential will be mentioned below. 

H. T. Graham (1933) studied the effect of cations on frog 
nerve. She foimd that an augmentation of the potassium ion 
concentration in normal Ringer of from 3 to 10 times diminished 
both the spike height and the negative afterpotential and that 
the latter underwent a -relatively greater decrease. Augmentation 
of the Ca-concentration by 9 to 13 times augmented the amplitude 
of the negative afterpotential and its duration whereas the spike 
height remained practically unchanged. The question concerning 
the K/Ca balance was taken up again by Graham and Blair 
(1947) in experiments on frog nerves. Spike height, afterpotential 
and several other functions were investigated. They found that, 
when the increase of K was above 2.5 times the standard concen- 
tration, tlie nerve functions changed in a manner characteristic 
for K-ions. If, however, the nerve was placed in a solution with 
augmented Ca- or diminished K-concentration the functions 
altered in an opposite direction. They explained their results by 
assuming that the fimctions investigated to a greater or lesser 
degree were controlled by the K/Ca ratio and that the Ca-ion 
lost its capacity of coimteracting potassium when the K-con- 
centration increased above a certain concentration thereby 
causing specific effects on the nerve. 

Lehmann (1937) studied variations in the K/Ca-balance on 
the phrenic and peroneal nerves of the cat. He found the effects 
of a changed K/Ca ratio to appear very slowly. An 8-fold increase 
of the concentration of either ion, acting on the nerve for 1 
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hour, caused but small changes in the action potential. A solution 
lacking Ca-ions, acting for a couple of hours, made the nerve 
discharge spontaneously and the afterpotentials became rhythmic. 
An increase of the potassium concentration caused similar effects 
though less marked. If the nerve for 8 hours was subjected to the 
influence of KCl-free Krebs solution changes similar to those 
described by H. T. Gkaham (19.33) for frog nerves treated with 
excess Ca were obtained, i. e, an augmentation of the negative 
afterpoteriitial and its duration. 

Lorente de No (1947) has also studied the effect of an increase 
of the concentration of potassium ions on the action potential of 
frog nerve. He found that the negative afterpotential, the L- 
fraction, soon disappeared. Of great interest is that the effect of 
potassium could be counteracted by COo so effectively that a 
conduction block set up by excess potassium was abolished .by 
treatment of the nerve with this gas. Again, from the point of 
view of my own results, it is of especial interest that an increase 
of the K-concentration first affected the A fibres, then the B 
fibres and ultimately the C fibres although this differentiation 
was noted with the groups rather than with individual fibres. 
Thus, for instance, there were A fibres which were more resistant 
to the influence of potassium than the least resistant C fibres. 

Very few observations on the effect of potassium upon the 
thermal sensitivity of nerve seem to have been published. Ets 
and Boyd (1933) noted that the temperature necessary for a 
cold block in frog nerves was raised by an increase of the 
potassium ion concentration. And in the same paper it is stated 
that Ca does not counteract this particular effect of potassium. 


Methods 

For the recording of the membrane potential and the action 
potential the same methods as in the first section have been 
used. The solutions with changed concentration of potassium 
have been applied locally on the nerve within the thermode. 
For changes in the potassium concentration up to 100 % an 
isotonic KCl-solution has been added to tlie normal Krebs 
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solution. Changes ahove 100 % have been obtained by replacing 
part of tlie NaCl with KCl. Solutions lacking potassium have 
been obtained by replacing ICCl with NaCl and wholly 
removing KH 2 PO 4 . Controls have shown that the absence of 
phosphate ions does not influence the thermal sensitivity. 


Results 

Chapter 1. Potassium and the thermal sensitivity 
of the membrane potential of 
A and C fibres 

In these experiments the effect of potassium Avas investigated 
on the roots, or, if peripheral nerves were used, on nerves from 
Avhich the perineural sheath had been removed. Bishop (1932) 
found with frogs that potassium ions affect the roots much sooner 
than the nerves. I have confirmed this observation on cals. Thus, 
for instance, in one experiment a 100 % increase of the K- 
concentration in the solution applied onto a root caused a marked 
increase of excitability Avithin 10 sec, Avhereas application of the 
same solution on a peripheral nerve Avith intact sheath only led to 
a small effect within 15 minutes after Avhich it increased very 
slowly. In de-sheathed peripheral nerve the effect Avas faster 
but still not as fast as in tlie root. 

Even though these experiments did not suffice to demonstrate 
that the sheaths Avere an obstacle to the penetration of K-ions 
into the nerve fibres they nevertheless served to indicate that tliis 
might be the case. For this reason I preferred to use roots or 
de-sheathed nerves Avhen trying to elucidate the effect of relatively 
modest changes in the potassium ion concentration of the 
external medium. 

A fibres. In the beginning potassium concentrations Avere 
chosen which had been shoAvn by other authors to influence frog 
nerve. 

By increasing the potassium concentration of a Krebs solution 
4 times above the normal value the temperature sensitivity of 
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the membrane potential was changed so that cooling from 37° io 
15°, instead of causing its normal depolarization of about 2mV, 
only caused a change of 0.5 — 1.0 mV. To warming from 37° to 
45° the root did not respond at all by the characteristic depolar- 
ization but the nerve became slightly positive by about 0.1 mV. 

Doubling the normal potassium concentration gives a different 
picture, as illustrated by fig. 13. Cooling from 37° to 15° produced 
much the same depolarization as before but warming to 45° caused 
a positive response of up to 1 mV instead of the characteristic 
depolarization seen in normal roots. The maximum of the positive 
response to warming may be reached already below 45° and 
further warming may lead to depolarization. On returning to 37° 
one finds the membrane potential not only return to its original 
level but actually pass below it so that the nerve becomes de- 
polarized relative to its status at 37°. This is illustrated by the 
experiment of fig. 13. 

What has happened in this case is that the membrane poten- 
tial under the influence of the increased potassium concentra- 
tion of the external medium has become equilibrated to a higher 
temperature. An increase of only 50 % was found to place the 
equilibrium of the membrane around 40° — 42°. Further increase 
of the potassium concentration shifted the equilibrium tem- 
perature of the membrane to the region around 41° — 45°. 

If the nerve be washed with a Krebs solution lacking potassium 


ions interesting changes in the sensitivity of the membrane to 
thermal variations occur (fig. 14). The previous depolarization 
to cooling from 37° becomes replaced by repolarization, a 
positive response later, on further cooling, supplanted by a nega- 
tivity so that ultimately at 15°, the membrane potential has about 
the same value as at 37°. In other words, the A fibres treated by 
a potassium-free solution assume the properties of C fibres with 
respect to the membrane potential. The response to warming 
from 37°— 45° also changes; one obtains a large depolarisation 


of from 1.0 to 2.0 mV. , . , 

Thus in the nerves treated with potassium-free solution, the 
1 , ’ r,ntPntial becomes equilibrated to a lower temperature, 

membrane potential necoiu h 

generally a .enrpera.nre between 25 -30 . Frg. 15 gtve. 
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Fie 14 7th lumbar motor root, cat. Response of membrane potential (arrow) 
to cooling 37°— 15° and to warming 37°-45°. Deflection upwards negativity. 
A- root which had been kept in normal Krebs. B: the same root treated 
lo’ minutes in Krebs solution lacking potassium. Marked as fig. 13. 
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AS* ACrSTSS* 30* 25* 20* IS* lO* 

Fig. 15. Membrane potcnlinl in motor root as function of temperature. 
A: normal root. B: root treatml in Krclis solution containing tieiee the 
normal amount of potassium. C: root treated ivilli potassium free Krebs. 
The temperature range for minimum ordinates represent the etjuilibrium 
point (= maximum of membrane potential). 


schematic picture of the changes in the temperature sensitivity 
of the membrane caused in A fibres by variations in the potassi- 
um concentration of the external medium. 

C fibres. Also in the C fibres (the splenic nerve of cow) radical 
changes in the sensitivity of the membrane occur when the con- 
centration of potassium ions in the external medium is varied. 
Fig. 16 illustrates that an increase of the potassium concentration 
causes a change in the direction of the type of reaction cUaracter- 
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Hesnonse of membrane potential (arrow) to 

3^7^o^'75°”rd’ warming 37”-45°. Deflection upwards negativity 
cooling 37 Krebs. B: the same nerve treated 

clcentration of potassium. Marked as fig. 13. 
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ising A fibres. The normal positivity to cooling from 37° lias 
been replaced by a depolarization. In the experiment ilhislratcd 
in fig. 16 this depolarization hardly amounts to 1.0 mV at 15° 
but it may be increased by increasing the potassium concentra- 
tion. The large depolarization set up by warming to 45° has al- 
most disappeared. It is ahvays greatly diminished. 

Thus an increase of the concentration of potassium influences 
A and C fibres in the same way. In both cases there i.s a shift 
of the thermal equilibrium temperature upwards. Tlic increase 
necessary for shifting tlie thermal equilibrium of C fibres from 
the normal range around 25° to that of the A fibres around 
37° varies from nerve to nerve hut is of the order of 100 200 %. 

In many cases one observes that an increase of 100 % shifts the 
equilibrium point to 37° but that the depolarization to cold 
then is relatively small and tends to increase with a further 
increase of the potassium concentration. 

Treatment of the splenic nerve with a Krebs solution lacking 
potassium ions changes the membrane response to temperature in 
the manner illustrated by fig. 17. Cooling from 37° produces a 
larger positivity than normally and, at 15°, the membrane is 
regularly positive relative to its value at 37°. The membrane 
potential has its largest value at a temperature between 15° 
and 20°. 

A diagram (fig. 18) corresponding to the one for A fibres 
(fig. 15), illustrates for C fibres the shift in the thermal equi- 
librium point of the membrane potential as a function of the 
potassium concentration of the solution. 

It deserves to be emphasized that both for A and C fibres all 
the effects described are fully reversible and that normal con- 
ditions are established as rapidly as effects of changed potassium 
concentration when afterwards the nerve again is treated with 
normal Krebs solution. 

In these experiments I have not systematically measured the 
times necessary for obtaining full effects of the changed milieu 
but I have observed that with roots the altered response, as a 
rule, was fully developed after 5—10 min. independently of 
whether the amount of potassium ions was augmented or diminieh- 
splenic nerve some^vhat longer times were necessary. 
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Fig 17 Splenic nerve, cow. Response of membrane potential (arrow) to 

cooling 37° 1^** heating 37“ — 45 Deflection upwards negativity. 

^A- nerve which had been kept in normal Krebs solution. B; the same nerve 
ated during 30 minutes with potassium free Krebs. Marked as fig. 13. 
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Chapter 2< The effect of variations m the potassium con* 
centration on the thermal sensitivity of the 
action potential in A and C fibres 

A fibres. The motor alpha fibres of the root are extremely 
sensitive to an increase of the potassium concentration of the 
surrounding medium. A conduction block is obtained already 
when the amount of potassium ions is about 2.5 times the normal 
one. Some roots are still more sensitive to K-ions, ceasing to con- 
duct impulses when the potassium concentration of the medium 
has been doubled. These are nerves which also are abnormally 
sensitive to cooling, i. e. the spike optimum is at a higher temper- 
ature than normally and similarly the cold block. 

If a normal root is washed with Krebs solution, containing a 
50 % increased concentration of KCl the negative afterpotentials 
disappear. But they may return if, after a period of cooling, the 
nerve again is warmed to 37°. This modest increase of the potas- 
sium concentration already leads to a diminution of spike height 
and the temperature sensitivity of the spike potential changes in 
such a fashion as to develop an optimum around 37° — 40° and a 
higher blocking temperature to cooling than normally. 

Fig. 19 is a plot of spike height against temperature in a root 
after 5 min. treatment with Krebs solution in which the potassium 
concentration had been raised by 100 %. The spike has its opti- 
mum height at around 40° — 42° and the blocking temperature is 
at 20°. If the amount of potassium ions is further increased the 
optimum remains constant but the blocking temperature con- 
tinues to move upwards with increasing potassium concentration 
until, at a K-ion increase of around 150 %, the spike is blocked 
already at 37°. If, at this stage, tlie nerve is warmed, the spike 
reappears and increases in magnitude up to 41° — 43°. 

An entirely different situation is encountered if the root 
preparation is replaced by a peripheral nerve with intact perineu- 
ral sheath. The phrenic or the peroneal nerve may he treated for 
an hour with a solution having a potassium concentration increa- 
sed by 200 % without the appearance of other changes than a 
slight alteration in the temperature sensitivity of the spike and 
some diminution of the amplitude of the afterpotentials. It is 


48 





Fig. 19. 7th lumbar motor root, cat. Supramaximal stimulation of alpha 
fibres. Plot of spike height recorded at different temperatures in multiples 
of value at 37“ in each experiment. A: root which had been kept in normal 
Krebs. B: the same root after 5 minutes treatment with Krebs containing 
twice the normal concentration of potassium. 


difficult to explain this difference between roots and peripheral 
nerves but it does, indeed, seem likely that the perineural sheaths 
of peripheral nerves prevent the K-ions from influencing the 
nerve fibres. 

If the motor root is treated with a potassium-free Krebs solution 
it becomes more resistant to cooling and this effect is noted both 
with the spike and the afterpotential. Fig. 20 shows how the 
thermal sensitivity is altered. Record A is a motor root with a 
relatively large negative afterpotential, maximal at 37°, which 
disappears at about 25°. After 10 min. treatment with potassium- 
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Fig. 20. 7th lumbar motor root, cat. Supramaximal stimulation of alpha 
fibres. Afterpotentials recorded at different temperatures. A: root which had 
been kept in normal Krebs. B: the same root treated 10 minutes with 
potassium free Krebs. 


free Krebs solution (record B) the negative afterpotential at 37^^ 
has disappeared but it returns if the root is cooled and is then 
maximal at about 20 — 25°.. It stands cooling to 15°. The figure 
also shows that the negative afterpotential in potassium-free 
Krebs i6 succeeded by a positive afterpotential, less marked in 
tlie normal root. 

All experiments have shown this sJtift of the maximum of the 
negative afterpotential but the shift may be less well marked in 
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Fig. 21. 7th lumbar motor root, cat. Supramaximal stimulation of alpha fibres. 
Spike recorded at different temperatures in multiples of value at 37° in each 
experiment. A: root which had been kept in normal Krebs. B: the same root 
treated 10 minutes with potassium free Krebs solution. 


some experiments than in the case illustrated in fig. 19. In roots 
from the cow the shift tends to be smaller. 

Diagram B of fig. 21 shows how the spike height responds to 
potassium-free Krebs solution. The spike maximum shifts to 20^ 
and further cooling is not capable of blocking conduction until a 
temperature as low as 0*^ has been reached. But there is also, 
during cooling, an interesting change of spike form. The spike 
potential increases in duration, the rising phase relatively little, 
the falling phase considerably, as shown by fig. 22 (record B). 
Thus, when cooling, the changing ratio between the duration of 
the ascending and descending phases of the potential makes the 
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spike in the potassium-free nerve (B) differ more and more from 
that in normal nerve (A). 

It should again he emphasized that the potassium-free solution 
acts with a rapidity fully comparable with that of the solution 
containing an increased amount of potassium. Already after a 
couple of minutes one observes the shift of the blocking tem- 
perature characterizing the response of the potassium-free nerve 
to cooling. 

C fibres. In comparison with the motor roots the C fibres are a 
great deal more resistant to potassium. For the conduction block 
it is necessary to use solutions in which the potassium concentra- 
tion is 4 — 5 times the normal one. It was sho^vn above that experi- 
ments ivith roots cannot straight away be compared with experi- 
ments on peripheral nerves without perineural sheaths. In 
order to compensate for this difference in the experimental condi- 
tions I made the test solution act for a longer time on the splenic 
nerve, generally for half an hour. 

Fig. 23 shows the effect of an increased K-ion concentration on 
the temperature sensitivity of the spike. An increase of 100 % 
eliminates the large augmentation of spike height so characteris- 
tic for C fibres in response to cooling, and the maximum is 
reached around 25°. The spike diminishes again upon further 
lowering of the temperature. The block is at +5°. The diminution 
of spike height upon warming to 45° is also less prominent than 
in untreated nerve. The diagram illustrates also that with a 
potassium concentration of 200 % above normal the spike dis- 
appears already at 20° and that its maximum, normally at 5° for 
C fibres, has shifted to 37° — 42°. As for the alpha spikes, so also 
in this case spike height is expressed in multiples of spike height 
at 37° for the particular experiment described. Therefore the 
identical spike heights at 37° do not imply that the spikes were 
of identical size in the three experiments summarized by the 
diagram. The reason for this procedure is that after each washing 
of the nerve that part of it which lies within the thermode is 
subjected to an alteration of the properties of the external con- 
ductor so that the spike height might be influenced independ- 
ently of the specific effect of the medium tested. However, m 
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Fig, 22. Till lumbar motor root, cal. Supramaximal stimulation of alpha fibres. 
A: root which had been kept in normal Krebs. B: the same, root treated 
during 10 minutes with potassium free Krebs. 


experiments designed with a vietv to maintaining the conditions 
as constant as possible I have never seen any diminution of tlie C 
fibre spike until the potassium concentration has been raised by 
more than 200 %. 
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Fig. 23. Splenic nerve, cow. Supramaximal stimulation of C fibres. Spike 
height plotted against temperature in multiples of the value at 37® in 
each experiment. A: nerve which had been kept in normal Krebs. B: the 
same nerve after 30 minutes treatment with Krebs containing twice the 
normal amount of potassium. C: the same nerve treated 30 minutes in 
Krebs solution containing thrice the normal amount of potassium. 
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The effect of an increase of the potassinm concentration of the 
solution upon the negative afterpotentials was also investigated 
with the splenic nerve. These diminished just as they did in A 
fibres but the C fibres were less sensitive in this respect than 
the latter. In many nerves the negative afterpotentials disap- 
peared when the potassium concentration was raised by 100 % 
but in others a greater increase of the concentration of K-ions 
was necessary for their elimination. 

The experiments aiming at determining the thermal sensi- 
tivity of the afterpotentials in potassium-treated nerves proved less 
satisfactory. In some nerves, particularly in those in which the 
negative afterpotentials disappeared at low potassium concentra- 
tions, it was noted that the thermal sensitivity of the negative 
afterpotentials remained the same until the afterpotentials 
disappeared for all temperatures. In other nerves, and generally 
in those in which the negative afterpotentials proved to be more 
resistant to potassium, their maximum was found shifted to a 
higher temperature level. As a rule this shift was insignificant, 
say, from the normal 25° to 30°, but the experiment illustrated 
in fig. 24 was one of some in which the maximum of the negative 
afterpotential after half an hour’s treatment of the nerve with 
a solution containing potassium in a concentration of 100 % 
above normal, actually had shifted to 37°. 

In experiments on the thermal sensitivity of the membrane 
potential in potassium-free Krebs solution the thermal equilib- 
rium point (= maximum of membrane potential) regularly 
fell to a lower temperature level. It was expected that this 
would influence the thermal sensitivity of the negative after- 
potential in potassium-free solution. Accordingly some nerves 
were tested with this object in mind but it was found impossible 
to ;demon8trate a shift of the maximum of the negative after- 
potential to a lower temperature level. The spike, however^ 
altered its capacity to wifhstand cooling. This effect was partic- 
ularly evident in nerves in which the spike had its optimum at 
an abnormally high temperature but it appeared also in normally 
responding nerves. The large normal increase of spike height in 
response to cooling was further augmented by this treatment and 
the spike reached its maximum at a still lower temperature level. 
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Fig. 24. Splenic nerve, cow. Maximal stimulation of C fibres. Afterpotentials 
recorded at different temperatures. A: nerve in normal Krebs. B: the same 
nerve after 30 minutes treatment with Krebs solution containing twice the 
normal amount of potassium. 
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Discussion 


To begin with, let it once more be pointed out that the experi- 
ments liave suggested that it is advantageous, in studying the 
effect of ion changes on the nerve, to use nerves lacking a 
sheath of connective tissue, preferably roots. The effect of 
potassium ions on peripheral nerve sets in at a very much slower 
rate and greater concentrations are required, for making it 
measurable. It is highly improbable that this difference between 
the roots and the peripheral nerves could be wholly put down 
to a gradient of sensitivity along the axon even though such a fac- 
tor might play a role. If the sheath is removed from a peripheral 
nerve the ions at once penetrate at a faster rate, to judge by the 
earlier appearance of the effect, and much smaller concentra- 
tions are required. Now this, when A fibres are concerned, might 
be ascribed to mechanical damage, to which the C fibres seem 
to be more resistant. But, on the other hand, the thermal sensi- 
tivity of the action potential is a delicate indicator of the degree 
of damage that a neiwe has suffered and by this criterion several 
A fibres were perfectly normal after de-sheathing had been 
carried out. Therefore it does not seem likely that they had been 
damaged. The faster rate of penetration of the ions into the 
fibres themselves, after removal of the connective tissue sheath, 
provides a satisfactory explanation of the difference between 
roots and unsheathed nerves just as it does so for the difference 
between sheathed and de-sheathed nerves. 

It is also interesting to note that a very small increase in the 
concentration of K-ions has marked effects on the mammalian 
nerves. The motor alpha fibres are blocked already by a potas- 
sium concentration 2.5 times that of the normal Krebs solution. 
The isolated fibres of the frog nerve require 8 times the normal 
concentration of the Ringer solution for the same effect (Herz, 
1946). It has also been found that the mammalian C fibres are 
far more resistant to potassium than the A fibres. This agrees 
with the recent findings of Lorente de No (1947) on frog nerves. 
In agreement with earlier work on frog nerves is also the obser- 
vation, made above, that excess potassium affects the afterpoten- 
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tial before it affects the spike (Graham 1933, Lorente de No 
1947). 

The effects of an altered potassium concentration of the external 
medium on membrane potential, spike potential and afterpoten- 
tial suggest some correlations which deserve to be discussed. The 
following considerations are based on the observation by Lorente 
DE No (1947) that the magnitude of the negative afterpotential 
may serve as an index of the magnitude of the L-fraction of the 
membrane potential. 

Excess potassium on a motor root is accompanied by the dis- 
appearance of the negative afterpotential. Accordingly the depo- 
larization in response to cooling, obtained in A fibres, cannot 
have been due to a change in the L-fraction. Some other fraction 
of the membrane potential must have been involved. The method 
of measuring the membrane potential is, however, not so satisfac- 
tory from a strictly quantitative point of view as to warrant 
further conclusions from the fact that this depolarization to 
cooling is of the same order as that before treatment with excess 
potassium. 

The loss of L-fraction in the roots treated with excess potassium 
cannot explain the shifts of the equilibrium point of the mem- 
brane potential to a temperature above 37°. The reason for this 
conclusion is the existence in such roots of a large positive re- 
sponse to warming from 37°. This positivitity must be, as it were, 
a ”new” phenomenon. It is too large to have occurred in normal 
nerve and to have been masked there by the depolarization of 
the L-fraction. The behaviour of the spike in the K-treated nerve 
supports this interpretation. The spike maximum, too, is shifted 
to a higher temperature level shelving that other fractions than 
the L-fraction had been influenced by the increased concentration 
of K-ions. 

The thermal response of the membrane of the A fibres in roots 
subjected to treatment with potassium-.free Krebs solution may 
also be analyzed by comparing the thermal properties of the 
afterpotentials. By this criterion the L-fraction is certainly in- 
volved in the response to cooling. It is not necessary to assume 
the existence of contributions from other fractions. However, in 
the response to warming from 37° the depolarization obtained 
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can only to a very limited degree be due to depolarization of the 
L-fraction. 

As to C fibres, the conclusion to be drawn from a comparison 
of afterpotentials with the changes of the membrane potential, 
after treatment with excess potassium, is that the depolarization 
in response to cooling is not at all or to a very small degree due 
to a depolarization of the L-fraction. This depolarization there- 
fore engages other fractions of the membrane potential. In view 
of the general similarity between normal A fibres and C fibres 
treated with excess potassium it might be observed that in most 
cases the K-treated C fibres were lacking the negative after- 
potentials seen in normal A fibres. The splenic nerve treated witli 
potassium-free Krehs solution shows a shift of the equilibrium 
point of the membrane potential to a lower level but there is no 
corresponding shift in the thermal sensitivity of the negative 
afterpotential. This indicates that the changes in the behaviour 
of the membrane response to cooling might be due to changes in 
other fractions than L but further investigations are necessary 
for a final answer to this question. 

In these experiments on the thermal sensitivity of the mem- 
brane potential tbe demarcation potentials have not been mea- 
sured. No information is therefore available as to how the so- 
lutions tested change the absolute value of the membrane poten- 
tial, But though information on this point would be valuable 
it is not indispensable for a discussion of the results. It is possible 
to explain the increase in the temperature necessary for the cold 
block in both the K-treated splenic nerve and the root by the 
assumption that the depolarizations due to potassium and cold 
are additive and so increase the total depolarization reducing the 
available margin of potential necessary for the spike. But the 
corresponding increase in membrane potential and spike optimum 
cannot be similarly explained, nor can the reduction in the ther- 
mal optima of the nerve in potassium-free Krebs be due to such 
factors. In both cases effects must have been obtained upon the 
primary processes underlying the thermal sensitivity of the func- 
tions themselves. They could not have been due to changes in the 
value of the membrane potential. 
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There is no reason to assume that the effects of the variations 
in the potassium concentration of the external medium have 
occurred in any other way than on account of the equivalent 
changes of the potassium concentration inside the fibres. This 
exchange of ions between external medium and inside of the 
fibres, be it in consequence of increased or decreased amount of 
potassium ions in the Krebs solution, must occur rapidly to judge 
by the fact that the thermal sensitivity of the nerve is changed 
already after a few minutes. 

The fact that changes in the concentration of potassium ions 
can be employed to bring the thermal properties of A and C 
fibres to approach one another seems to be of great theoretical 
interest. A reduction of the internal concentration of potassium 
in motor A fibres makes the thermal sensitivity of the membrane 
potential and the negative afterpotential assume properties 
similar to those in C fibres, and, even if the spike potential of 
the A fibres does not become as resistant to cooling as that of 
the C fibres, it nevertheless becomes more resistant to cold than 
it was in normal nerve. Thus the change in the spike, too, is in 
the right direction. Vice versa, the C fibres can be made to 
assume thermal properties reminiscent of those of the A fibres 
by the opposite process, i. e. by increasing the internal con- 
centration of potassium ions. 

There are several ways in which to explain this tendency of A 
and C fibres to differ from one another with respect to their 
thermal properties as if this difference were due to corresponding 
differences in their sensitivity to potassium ions. The reason may, 
indeed, be that the C fibres cannot concentrate potassium against 
the same gradient as the A fibres so that their internal concentra- 
tion of this ion actually remains lower than in the A fibres. On 
the other hand, the C fibres may be able to concentrate potassium 
but the mechanisms concerned in determining their thermosen- 
sitivity may be less sensitive to the potassium concentration than 
the corresponding processes in the A fibres. 

However, it is necessary to realize that the potassium ions need 
not be the only agents that have to be considered in discussing 
these mechanisms. Laget and Lundberg (1948) have found 
that excess calcium on the motor root has the same effect on the 
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spike as potassium-free solutions although somewhat less pro- 
nounced. Apparently the K/Ca ratio is of importance in this as 
in so many other cases. 

Taken as a whole the experiments have sho^vn that the analysis 
of the thermal sensitivity of nerves provides valuable information 
about different fibre types. In addition the experiments have 
developed a general method for testing the effect of alterations 
in the external medium upon important nervous mechanisms. 

A number of questions of general biological significance would 
also seem to be suggested by the striking effects of potassium on 
the thermal properties of nerve. It was pointed out in the his- 
torical section that there are reasons for assuming tliat the ther- 
mal sensitivity of nerves from poikilotherm animals varies witli 
the temperature to which they have become acclimatized. Thus, 
for instance, several authors have noted that cold block occurs at 
higher temperatures in animals acclimatized to warmth than, in 
those adapted to low temperatures. Similarly, there are results 
suggesting that the optimum of the A fibre spike bears some 
relation to the temperature to which the animals have become 
accustomed. 

The present work raises the question as to whether such 
results may be due to variations in the potassium concentration 
(the K/Ca ratio). Fenn, Cobb, Hegnauer and Marsh (1934) 
found a significantly lower value of potassium in nerves from 
November frogs than in those from March frogs. The tempera- 
ture to which the animals were acclimatized is not mentioned in 
their work and so our question remains unanswered. Nevertheless 
results of this kind show that variations of the amount of potas- 
siiun ions can and do occur in nerves. In this connexion it is 
interesting to note that the afterpotentials in A fibres from frog 
nerves vary in a characteristic fashion with the temperature to 
which the animals have been acclimatized (Gasser and Erlanger, 
1930) and. that H. T. Graham has foimd the afterpotentials in 
potassium-treated frog nerves to be of the type normally found 
in summer frogs. 

It was mentioned above that Gasser (1931) found the spike 
height of the frog nerve to diminish symmetrically in response to 
cooling from 30° whereas Schoepfle and Erlanger (1941) noted 
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that the spike increased asymmetrically hy cooling, the falling 
phase lengthening out of proportion to the rising phase. Such 
discrepancies are less surprising when considering the results 
obtained in this work with variations of both temperature and 
potassium concentration. We recall that it proved possible, by 
diminishing the potassium concentration, to change both the 
temperature maximum of the spike as well as the relation be- 
tween the durations of the falling and rising phases of the spike 
in response to cooling. But all such questions, related to tlie 
general problem as to the significance of the potassium con- 
centration (or K/Ca ratio) for the adaptations to different tem- 
peratures have to be solved by further experimentation rather 
than by a comparison of historical data which merely can indi- 
cate that the problem merits investigation. 
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Excess potassium shifts the thermal equilibrium point of the 
membrane potential of A fibres upwards, potassium-free solution 
downwards. 

If a splenic nerve from which the sheath of connective tissue 
has been removed is subjected to the influence of excess potassium 
(twice or thrice the normal value of the Krebs solution) the mem- 
brane potential of the C fibres shifts its thermal equilibrium 
point to about 37°, i.e. to the value characteristic for normal A 
fibres. Vice versa, potassium-free solution shifts the equilibrium 
point of A fibres downwards to about 25°, i. e. to the value 
characterising normal G fibres. 

Excess potassium blocks the motor alpha fibres already at a 
concentration of 2.5 times the normal one (Krebs solution). The 
C fibres require for the same effect an increase of 4 — 5 times 
the normal concentration. 

The negative afterpotential disappears in the motor alpha 
fibres at a concentration of 1.5 times the normal one and the 
thermal sensitivity of the spike alters so that its height reaches 
its maximum at a higher temperature and the blocking tempera- 
ture shifts upwards. An increase of the potassium concentration 
amoimting to 2.5 times its normal value suffices to give the spike 
potential of the C fibres in the splenic nerve about the same 
thermal sensitivity as the normal motor alpha spike. 

Treatment of the nerves with potassium-free Krebs solution not 
only lowers the equilibrium point of the membrane potential but 
also the temperature at which spike height is maximal. Thus, 
by this method, the maximum spike height of the motor alpha 
fibres may be shifted down to 20°, the blocking temperature 
down to 0°. 

In the motor alpha fibres treated with potassium-free Krebs 
solution the maximum of the negative afterpotenlial also shifts 
downwards from the normal value around 37 to about 25 . 

By treatment with excess potassium it has occasionally also 
been found possible to shift the maximum of the negative after- 
potentials in C fibres (the splenic nerve) upwards. 
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All these effects of the variations of the potassium concentra- 
tion are fully reversible. 

In general it may be stated that, by variations in the con- 
centration of potassium ions, the thermal properties of A fibres 
can be shifted in the direction of those of C fibres, and, vice 
versa, the thermal properties of C fibres in the direction of those 
of A fibres. 
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CHAPTER 1 


The Purpose of the Present Investigation. 

Investigations concerning the gastric secretion are numerous and 
man}' results have appeared since the fundamental works of Bkau- 
MONT (1833). 

The greatest interest has been directed towards the secretion of 
hydrochloric acid, but in spite of many attempts to solve the question 
of the formation of this acid in the stomach, the biochemical 
mechanism of this physiological process is quite unknown. Sev- 
eral theories have been suggested — cf. Harvey & Bensi^ey (1912), 
ZiMMERMANN (1925), HoLLAismER (1943), Davenport (1939, 1940, 
1941, 1942, 1943 a), Davenport & Fischer (1940), Bull k Gray 
(1945), CoNAVAY & Brady (1947), Davies, Longmuir & Crane (1947) 
— but none of them has been supported by sufficiently convincing 
experiments. 

If an explanation of the HCl-formation is ever to be arrived at, 
thorough quantitative analyses of the secreting procedure must be 
performed. Such analyses are relatively rare and often carried out 
with unsatisfactory methods. This treatise will, therefore, attempt 
to furnish further information about the quantitative aspects in- 
volved, i. e. the kinetic interrelations between stimulation and its effects. 

Strong evidence has been given for the suggestion that the parietal 
cells are the elements of the gastric mucosa which are responsible for 
the HCl-formation. (Whether or not the acid is formed within the 
cells or on their surfaces is not known.) If the secretion of HCl 
is to be as nearly as possible uncomplicated, the parietal cells alone 
should be stimulated. The stimulus seems normally to arise from 
the pyloric mucosa — Edkins (1906), Komarow^ (1938), Uvnas 
(1942, 1943, 1945 a, b). 

PoPiELSKi (1920) discovered that histamine strongly stimulated 
the secretion of gastric acid. Since that time no better secret- 
agogue acting exclusively on the parietal cells has appeared. In 
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fact most authors deny a non-parietal stimulation by the histamine — 
cf, Babkin (1944). 

In the present investigation histamine was therefore used 
as a stimulator of the gastric secretion. In order to depress the other 
cell-groups as much as possible the operative technique proposed by 
Heidenhain (1878, 1879) was used on dogs, i. e. denervated gastric 
pouches were prepared. In this way the peptic secretion was thought 
to be partially depressed. 

It would first be of interest to know the histamine concentrations 
which stimulate gastric secretion. This special problem vdll be 
discussed from a kinetic point of view. 

The relation between the histamine concentration and its action 
on the parietal cells will be investigated and also the relationship 
between secretion rate and acidity, chloride concentration, ex- 
cretion capacity of dyestuffs etc. 

As a new substance has recently been found in the intestinal mucosa 
which inhibits the parietal secretion — mterogastrone — it was thought 
desirable to investigate its action on the secretion during histamine 
stimulation. 

Attempts have also been made to investigate the quantitative relationship 
between the state of secretory activity and the electric potential difference 
across the gastric mucosa. These investigations, which have lent support 
to the theory that there is some relation between the secretion rate and 
the potential difference, will, however, be continued and published separately 
elsewhere. 

A great number of papers having a connection with this work 
could not be mentioned, and the reader is therefore referred to the 
monographs of Carlson (1923), Koseman (1927) and Babkin (1944). 
Concerning special histamine problems the monograph of Feldberg 
& ScHiLF (1930) may be consulted and on the question of the excretion 
of dyestuffs the books of Matsuo (1934—1935) are valuable. 


CHAPTER 2. 

Procedure. 

The experiments in the present paper were carried out on animals, 
predominantly dogs. In some few cases cats were used. 

It is thought most convenient to give a rather detailed description 
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of the procedure in the dog experiments. Changes in this procedure 
as well as the cat experiments will be described m the appropriate 
chapters. 


Animals. 


Dogs with vagotomized gastric pouches have been used for the in- 
vestigations. The operations were carried out by Heidenhain s method 
{fig. 1). For technique see e. g. Lb Play (1912). To avoid digestion 



Fig. 1. The Heidenhain 'pouch, A schematic view oi the operation. 


of the surroundings of the “mouth” of the pouch, precautions were 
taken to prevent the gastric juice from flowing over the skin. This 
was achieved by using a Pezzer catheter (fig. 27, page 63) in- 
troduced through the opening of the pouch and allowed to remain 
there. The dogs usually very quickly became accustomed to this 
procedure which proved very effective in preventing digestion of the 
skin. It also had the advantage that a special measuring cylinder 
could be connected to this permanent rubber tube when desired. 

The experiments were carried out on fasting dogs. All possible care 
ivas taken to avoid psychic stimulation of the secretion. 

Before starting an experiment the pouch was usually washed out 
with warm saline, generally 20 ml. All the dogs were healthy and did 
not show any sign of discomfort during the performance of the present 
work. 

For the present investigations 7 dogs were used. 3 of these in 
particular (dog S, R and B) were used for long periods (3 — 1 years). 
Two died from a prolapse of the pouch, two by an accident and one 
from distemper. Dogs S and B axe still alive. 
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stimulation of the gastric glands. 

Histamine dihydrocUoride^ was used as a stimulating agent. 

PopiELSKi (1920), Keeton, Koch & Luckhardt (19.20) and Roth- 
LiN & Gundlach (1921) discovered that histamine (P-imidazolyl- 
ethylamine) had a powerful stimulating effect on the gastric glands 
when given subcutaneously, but failed to stimulate the glands when 
injected intravenously in a massive dose. Ivy & Javois (1924) and 
Gutowski (1924 a) when giving histamine intravenously over a period 
of 30 or 50 minutes, succeeded in getting a copious flow of gastric 
juice. They realized that not only the amount of histamine given, but 
also the time was of importance. 

Teorell (1932, 1933) was able to show mathematically that in 
Popielski’s experiments the histamine was probably destroyed in the 
blood before causing any stimulation of the gastric glands. He proved 
that a prolonged histamine concentration in the blood must be maintained 
if a stimulating effect is to be obtained. 

In order to balance the rate of the ’histamine destruction an appro- 
priate amount of the drug must be administered by a continuous in- 
travenous injection. The kinetics of the distribution of a drug adminis- 
tered in this way has been discussed by Widmark (1919), Widmark 
& Tandberg (1924) and by Teorell (1937 a, b). This stimulation 
technique for the gastric glands has been used by only a few authors: 
Ivy & Javois (1924), Gutowski (1924 a), Teorell (1933), Engestrom 
(1935), Emmelin, Kahlson & Wicksell (1941), Bjorkman, Korden 
& UvNAS (1943), Emmelin (1945), McElin & Horton (1946) and 
Linde, Teorell & Obrink (1947). 

Tecliniq;ue of injection. 

In some experiments the histamine was given subcutaneously but 
the intravenous route was generally used. 

The continuous intravenous injection was performed by using a 
motor driven syringe. At the beginning, an apparatus described by 
Lindgren (1943) was used, but later on a new device, which has 
proved very suitable, was adopted.^ 

» In this paper all figures are expressed in terms of hislamine-dihydrochloride. 
To transform these to histamine base or histamine diphosphate the figures must 
be multiplied by 0.60 and 1.67 respectively. 

The technical work and the details of construction were executed by Mr. 

S. Liliedahl. 
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Fig. 2. T/ie injection apparatus (Motor part), a is the electric motor, which 
drives the small wheel h. This acts on the large wheel c. h can be moved along 
the axle d. The speed is lowered in the gear box e 6 times between each connec- 
tion / for the spindle g, which leads to the syringe holder in fig. 3. 

As such an apparatus may often be useful in other laboratories a 
short description will be given here. 

The injection apparatus. 

The motor part {fig. 2). 

The electric motor (a) is an ordinary gramophone motor (but of 
course any motor that has a very constant speed may be used). 
The motor drives a small wheel (b) 28 mm in diameter, the peri- 
pheral part of which is made of rubber and pressed against a larger 
wheel (c) 150 mm in diameter. The axles of the two wheels are at 
right angles to each other. By adjusting the small wheel nearer to or 
further from the center of the big one, the speed of the latter may 
be made greater or less. Bor this purpose the small wheel can be 
moved along an axle (d) graduated from 1 to 6, where 1 corresponds 
to the periphery of the big wheel and 6 to the center. It is not 
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necessary nor convenient to place the rubber-wheel nearer the center 
than at 5. Thus by moving the small wheel from 1 to 5, the speed can 
be increased 5 times. 

From the large wheel an axle leads to a gear box (e). This lowers the 
rate in steps of 6 times. The lowest rate is 5"® times the rate of the big 
wheel. By altering the position of the little wheel and by using differ- 
ent connections (f) of the gear box the speed of movement derived 



Fig. 3. The injection apparatus {Syringe holder). This is only a modification 
of the one constructed by Lindgren (1943). 

from the machine may be changed by a factor as much as 5®. The 
lowest speed is about 0.4 turns/hour and the highest about 100 
turns/minute. From the gear box a connecting spindle (g) leads 
to the syringe holder. 

The syringe holder {fig. 3). 

The principal part of this is a screw, which is driven by the spindle. 
The screw drives two cross-pieces which are in contact with the 
syringes. The mechanism of this part is the same as described by 
Lindgren (1943). The only difference is that two syringes can be 
driven at the same time instead of one. If the height of the screw- 
thread is 1 mm, that distance corresponds to one turn of the spindle. 

In order to determine the position of the little wheel and the spindle, the 
diagram in fig. 4 can he used. If a particular speed for the syringe is de- 
sired this must be transformed into tums/minute of the spindle. 100 times 
the reciprocal of that value may be looked up in the diagram. The column 
in which this quotient is found indicates the connection point for the spindle 
and the horizontal intercept to the crossing point between a horizontal line 
from the number and the oblique line in the diagram indicates the position 
of the smaU wheel (graduations on the axle). 
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1 2 3 4 5 

Graduations on the axle 


Fig. 4. Diagram for the use of the injection apparatus. For description see text! 
{Example: The injection rate wanted needs 2 turns per minute by the screw of 
the syringe holder. lOO/turns per minute — the ordinate in the figure — is 
100/2 ~ 50. This number is found in column 3, which means that the spindle 
must be connected to the third connection. The horizontal from 50 crosses the 
oblique line at the graduation 4, which indicates where the small wheel shall be 

placed on the large one.) 

The contents of the syringe are pressed through a narrow rubber 
tube to a needle of the shape in jig. 5. By using this type of needle 
the rubber tube can be connected to the one mouthpiece, while blood 
can be obtained through the other one, thus indicating a perfect posi- 
tion in the vein. The needle is fixed with adhesive tape. 


Method of collecting the gastric juice. 

A special measure is seen in fig. 6. It consists of a measuring cyl- 
inder supplied with a stopcock with a very wide hole. This makes it 
possible to collect the juice for a desired time and to empty the meas- 
ure instantaneously even if the content should have a high viscosity. 
A suction pump can be connected to a side-pipe, if desired. A negative 
pressure of 30 cm of water is then convenient. The tube, which is 
graduated in 1/5 of a ml, is joined to the Pezzer catheter during the 
experiment. 





Fig. 6. The measuring cylinder 
for collecting the gastric juice. 



By the technique described in this chapter it is found possible to 
record the secretion volumes at very short intervals. 2 minutes was 
usually the time used for determining the secretion rates whereas samples 
for analyses were taken every 10 minutes. 


CHAPTER 3. 


Methods of Analysis. 

All the analytical procedures are collected in this chapter. They are described 
in the following order and include the determinations of 


1. pH 

2. acidity 

3. chloride 

4. histamine 

5. pepsin 

6. nitrogen 


7. reducing power 

8. calcium 

9. bicarbonate 

10, phenol red 

11, neutral red 
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The staiisiical errors of the cstiviations are J^iven in connection \vith 
the description of the methods* 

They arc expressed ns the errors of detcrmviatwiis and were calculated 

as the standard deviation from series of 20 separate determinations on identical 
objects. If ‘ddanhs'^ and/or ''standards'’ arc included in the analytical pro- 
cedure. their errors arc also considered. 

In some methods (2, 3 and S) the result (x) was calculated from a ''standard'" 
{sf) witli its error c,t ^ "samjyJr'" (sa) with its error Cm nn 


X 


sa 

™ * C 

st 


(C is a constant). 

The error of a single determination was then calculated as 


— ^ C 


o;-„ -i- sn'- o;, 






( 1 ) 


( 2 ) 


In some methods (6, 7 and 9) the result (x) was calculated from a "blank" 
(hi) with its error Ghl and a "samjiid'' as 

X ~ (hi — sa) • C (3) 

The error of a single determination was tlicn calculated as 

o;„ (4) 


1. pH determinations. 

pH Mas determined by aid of a glass electrode arrangement. Accurncj" of 
rending + 0.05 pH units. 

2. Acidity determinations. 

a) Total acidity: 

The volumes available for the acidity determinations varied from some mis 
douTi to the order of O.I ml. A microtitration on O.I ml juice mixed up with 4 ml 
HjO was therefore performed with 0.01 N NnOH using hronidhijmol-hUtc as 
an indicator (pH-range C.O — 7.0). The strength of the NaOH solution was 
checked every day using carefully controlled 0.1 N HCl (standard). The same 
pipette was used for the standard and the samples. Using this procedure errors 
due to the pipette, indicator, and COj admixture were compensated. The 
neutralization of NaOH by 4 ml HjO was determined as a blank. (This was in 
most cases in the order of 0.00 — 0.01 ml. The error of the blank determination 
uill have an insignificant influence on the error of the method.) 

b) Free acidity: 

Free acidity was determined cither by an electrometric titration (pH 3.5) or 

y the use of Topfer b indicator (di-methyl-amino-azo-henzcne, endpoint pH 
3.5). The volume used for these titrations was 1.0— 5.0 ml. 
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With the histamine technique used in the present paper the difference be- 
tween the free and the total acidity was very small. For this and other 
reasons (cf. page 52) only the total acidity values are discussed in the following. 

The error of the total acidity determinations (valid for the total range in 
this paper); = ± 2 niN^. 

3. Chloride determinations* 

a) in gastric juice: 

The chloride titrations were performed on the same samples as were used 
for the total acidity determinations. 

2 ml 0.1 N H2SO4 were added and then the samples were titrated electro- 
metrically with 0.005 N AgNO^. 

b) in blood plasma: 

Heparinised blood was centrifuged, 0.1 ml plasma + 4 ml HgO + 2 ml 0.1 N 
H2SO4 were titrated in the same way as the gastric chlorides. The proteins 
do not affect the result. 

Standard and blank titrations were performed as in the acidity determina- 
tions. 

The error of the method varied from time to time according to the conditions 
of the measuring instruments. Under bad conditions it was + 6 mN but all 
the data referred to in this paper have the smaller error given below. 

The error of the chloride determinations (valid for the total range in this 
paper); + 2 

4. Histamine determinations* 

The method described by Code (1937) was used. The determinations were per- 
formed on 4 — 5 ml plasma from heparinised blood. The concentration-action 
curve of histamine on the guinea pig's small intestine was determined and is 
seen in fig. 7 — cf. EiMMEnm, Kahxson & Wicksele (1941). Our curve, like 
that of the authors referred to, demonstrates the necessity of carrying out the 
investigations with concentrations of histamine which cause only a submaximal 
contraction (the rising part of the curve). All histamine values are expressed 
as histamine dihydrochloride (cf. page 10), 

The error of the histamine determinations in blood plasma; ± 3.7 (xg/100 ml 

5 % of the mean value. 

5. Pcpsm determinations* 

Pepsin determinations were carried out according to the method described by 
Riggs & Stadie (1943). This method consists of a turbidimetric anafysis of a 
protein solution, which was digested for 5 minutes. The digestive power is ex- 
pressed in mg protein digested per ml gastric juice during 1 minute. 

The error of the pepsin determinations: + 0.005 rag protein/ml/min. = 
1,8 % of the mean value. 

1 mN = millinormality = milliequivalents per liter. 



Fig. 7, Concentration-action curve of histamine action on a guinea pig’s small 
intestine. The contractions correspond to the histamine -doses: 0.005, 0.010, 
0.015, 0.020 etc. [xg histamine dihydrochloride per ml bath solution. The volume 

of the bath =10 ml. 

6. Nitrogen determinations. 

1.0 ml gastric juice was combusted with 1 ml concentrated H2SO4 for 5 
hours. 2 — 3 drops of HgOo were added and the combustion continued another 
2 hours. The determinations were then performed by the method of Teorell 
(1928). 

The error of the nitrogen determinations (valid for the total range in this 
paper): ±4.0 mg N/lOO ml. 

7. Determinations of reducing power. 

2 ml of gastric juice + 5 ml of a 10 per cent HCl were heated in a boiling water 
bath for 30 minutes. After cooling they were neutralized with 30 per cent NaOH. 
The reducing power of the remaining volume and of another 2 ml juice were 
then determined — cf. Ihre (1938). 

This was done by the method of Schales & Schales (1945) with the 
modification that a sodium- cyanide- carbonate solution was used instead of a 
phosphate buffer solution. This modification which was mentioned by ScHAiiES 
and Schales was adopted from the paper of Folin & IMalmros (1929). 

The difference in the reducing power of the hydrolyzed and the non-hydro- 
lyzed sample was compared with that of known solutions of glucose and 
expressed in mg glucose per 100 ml. 

The error of the reducing power determinations (valid for the total range in 
this paper): ± 8 mg/100 ml. 

8. Calcium determinations. 

The oxidimetric method with ceric sulphate as described by Nielsen (1941, 
p. 190) was used. 

The error of the calcium determinations (valid for the total range in this 
paper): ± 0.45 mg/100 ml. 

2 — 48239 K.J.Obrink 
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a 


Fig. 8. Absorption curves of phenol red 
(a) and neutral red (6) at different 
pH:s, 



9. Bicarbonate determinations. 

The bicarbonate concentration in glycine solutions was determined according 
to the method of West, Christensen & Rinehart (1940). 

The error of the bicarbonate determinations ( valid for the total range in 
in this paper): ±2.8 mN. 


10. Phenol red determinations. 

The concentration of phenol red was determined in the estimations of the 
size of the which is a residual volume of the contents in the gastric 

pouch (cf. page 63). 

Some exact volume, a ml, of phenol red was instilled into the pouch cavity 
and mixed up with the ‘‘lake” contents as far as possible. The phenol red solu- 
tion was then allowed to leave the pouch. 

The colour of the dye was determined before (Ca) and after {Cx) the 
instillation. The size of the “lake” (a;) was then easily found from 


a {Ca Cx) 


Ox 


(5) 


This gave a minimal value of the “lake” because there was no guarantee 
that a complete mixing had occurred. 
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In order not to let changes in pH influence the colour determinations in a 
Coleman electrophotometer, these were carried oi\t at the isoshesfic poiiit (wave 
length 403 nifi). Tiiis was found by determining the absorption curves of the 
same concentration of plienol red at several different pH;s in a Beckman spectro- 
photometer. The absorption curves arc seen in fig, S a. 

The error of the phenol red determinations: ± 0.6% of the mean value. 

11. Neutral red {N. R.) determinations. 

N. R., like' phenol red, was determined in a Coleman electrophotometer 
at the isosbestic point (wave length 472 m(i). 

The absorption curves from which the isosbestic point is obtained arc seen 
in fig, 8 b. 

The error of the neutral red determinations: ± O.G % of the mean value. 


CHAPTER 4 

The Histamine Distribution in the Body. 

Theoretical considerations. 

Introduction. 

It is •well known that the concentration in blood and tissue of a drug 
given subcutaneously or intravenously will follow different time-con- 
centration curves. It is easy to understand that a very high concentra- 
tion in the blood will occur immediately after a rapid intravenous in- 
jection, whereas a subcutaneous injection will cause a slower in- 
crease. The kinetics (i. e. the time relations of the drug concentration) 
will depend on the drug itself and the possibility of its passing from 
one phase to another and the forces causing this passage. Reactions 
of the drug, such as combination or destruction, will also influence 
the concentration of the active drug. In the case of an intravenous 
injection the injection rate tvill be of importance. 

Very little study has been devoted to this problem. Teorell (1937 
a, b) has tried to develop a general mathematical view of the problem. 
In his papers a short review of the earlier literature in this field is given. 
It is therefore unnecessarj’- to repeat it here. It is, however, necessary 
to give a short summary of Teorell’s results, in order to make it pos- 
sible to discuss some problems in our own work. 
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TeorelVs work. 

The validity of the mathematical formulae given is limited to electrically un- 
charged substances, i. e. strong electrolytes do not behave in the same manner 
as undissociated molecules because they are also influenced by electrical 
potential gradients. If the concentration gradient is the only driving force, the 
amount passing a boundary mil follow Fick’s law for unidimensional molecular 
diffusion: 

Amount = diffusion coeff. X cone, gradient X surface X time. 

If the diffusion coeff. and surface are taken together in a '"^ermeahiliiy coef- 
ficienf^ as kn the formula may be rewritten. 

Amount across boundary in the time unit — 

— permeability coeff. X concentration difference. 

A concentration is, however, the amount divided by the appropriate volume, 
and so we may take the permeability coefficient together with the distribution 
volume, which can be considered as constant, and substitute them mth a '‘^veloc- 
ity constanV^ hn* The temperature is supposed to be constant. 

The velocity constants involved are; 

k^ for the diffusion depot blood (extravascular administration only) 

k^ » » » blood tissue 

tg » »• » tissue ^ blood 

)> »' » blood ^ kidneys or lungs (or blood inactivation) 

k^ » » tissue inactivation. 


A. The subcutaneous case. 

If X, y and 2 denotes the amount of the drug in depot, blood and tissiie respec- 
tively, and No = the initial dose given to the depot, the following differential 
equations may be derived: 

for the blood: 

— =k^x~hiy—{kzy~k^z) ( 6 ) 

dt 

for the tissue: 

^-^ = {k,y-k,z)-k,z ( 7 ) 

d t 

By combining the two equations it is possible to solve for y and 2: 

y = + C'ze’”'* -h 3 (8) 




( 9 ) 
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Fig. 9. The distrihxitioii of a drug injected subcutaneously. See eqs (8) and (9). 
= 0.2; kz = 0.01; k^ = 0.005; k^ = 0.005; k^ = 0.002.] — After Teoreli. 

{1937 a). 

where the new symbols 0^, Cg, Sj i^g, H, and m 2 are all constants and 
functions of the velocity constants ki — k^ and the dose Nq, 

The relations (8) and (9) are seen in fig, 9, where the amounts in per 
cent of the initial dose Nq are plotted against time. 


B. The continuous intravenous case. 


In the case of a contimioiis intravenous injection the rate of “resorption” will 
be substituted by the injection rate, denoted by r. Thus in equation (6), a: 
may be substituted by r. The rest of the system remains unchanged. The final 
mathematical solution can then be written: 


2 / = r • + /] 

and 

z = r • + j] 


( 10 ) 

( 11 ) 


where A^, A^, I, and J are constants and functions of the velocity con- 

stants fcj — fcj. The rest of the symbols retain their previous significance. 

Fig. 10 gives the graphical representation of the equations (10) and (11). It 
must be noted that both the blood and tissue curves approach a constant value, 
which can be mathematically expressed by putting time t = oo. 

Then (10) and (11) are reduced to: 


and 


Q 


( 12 ) 
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Tim^ units 

Fig. 10. The distribution of a drug after continuous intravenous injection. See 
eqs (10) and (11)* — 1; /jo = 0,01; ^4 = 0.005; = 0.005,] After Teobell 

{1937 b). 


where q = + ^3^4 + 

The above is a short review of those parts of the work of Teorell, which have 
an application to the present paper. Starting from these equations some other 
relations can he investigated: 


The author's calculations. 

If tlie interest is directed for a moment to the total amount of a drug 
accumulated in the blood and tissue after a subcutaneous injection 
during the whole period of an experiment, the following will be found; 

The total amount in the blood is represented by the area included m 
the curve given in eq. (8). This area is 

Y = {ydt (14) 

t^O 

where y has the same significance as in eq. (8). Integration of (14) 
gives 

( 15 ) 

In an analogous way the total amount in the tissue will be found by 
integrating the eq. (.9) and the result is 

z =-'•». 

The first point of interest is that Jc^ has disappeared from these 
formulae, i. e, after a subcutaneous injection the total amount of a drug 
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found in blood or tissue is independent of kind or rate of resorption. 
It depends only upon the dose given in the depot. 

On the contrary the maximal value obtained in blood or tissue during 
an experiment after a subcutaneous injection will not be independent 
of ki, as may easily be shown. The general expressions, however, are 
too complicated to be solved here. (Teorell has proved it for blood 
in a special case {k 2 = k^ = k^ = 0).) 

The integrations for (15) and (16) were made from t — 0 to 
t — oo. In practice the result of integration will be just the same if it 
is made between t = 0 and t = some short measurable time (e. g. 1 — 
3 hours) when we are dealing with drugs, that are quickly eliminated 
or destroyed as histamine. 

The second point of interest is the similarity that exists between 
the eqs (12), (13) and (15), (16). 

The consequences of these expressions will be discussed below 
(chapter 7, page 37). 


Experimental data. 

Earlier experiments. 

There have been many observations after continuous intravenous 
injections of substances which support the theoretical considerations 
given above. The concentration of any substance injected in this way 
will undoubtedly approach a constant level. Both non-electrol 3 rtes 
and electrolytes may be taken as examples. See Widmark (1919) for 
acetone and Wilhelmj & Moskowitz (1932) for uric acid. 

The behaviour of histamine itself has also been investigated — 
Emmelin, Kahlson & WiCKSELL (1941), Emmelin (1945). The main 
thing is, however, to prove that the steady state of concentration is 
proportional to the injection rate (according to eq. 12 and 13). This 
has not been done to the author’s knowledge. The studies of Emmelin 
& E1a.hlson (1944) have been restricted to correlating the injection 
rate and the concentration of histamine in the gastric juice, and their 
results corroborate the theoretical propositions. 

The author’s experiments. 

The method used for the histamine determinations was the one 
proposed by Code (1937). (Cf. page 16.) 



24 


Analyses were made in the venous blood from a leg before the start 
of the experiment, “base value,” and when the injection of histamine 
had caused a steady state of the secretion rate, “steady state value” 

The increment caused by the histamine injection is the “steady 
state value” minus the “base value” 

In some series of experiments the analyses were performed on 
whole blood but gave no regular covariation of the histamine in- 
crement and the injection rate of histamine. 

In the experiments described below the plasma was analyzed. The 
injection rates were changed at random. The rates of injection were 
usually less than 8 ml/hour. 

In every experiment there was a considerable “base value,” which 
did not cause any gastric secretion. If the method of analysis was 
specific for histamine it means that histamine was present in the blood 
plasma in an inactive form. This question will be discussed below. 

The main question is to determine the possible covariation between 
the rate of injection of histamine and the steady state increment. 
Fig. 11 shows this relation (dog S), and the experimental values are 
correlated to the eq. (12). The coefficient of correlation is 0.94. The 
other statistical data are seen in the legend to the figure. 

The filled circles in the figure denote the corresponding secretion 
rates. They indicate that most of the analyses were performed during 
supramaximal stimulation. This is essential as it shows that the 
linear covariation between the rate of injection of histamine and its 
concentration in plasma is independent of the physiological action on 
the gastric mucosa. (The relations between this action and the his- 
tamine concentration wiU be discussed in detail in chapter 6.) 

The results would permit the use of eq. (12) in the following dis- 
cussions. If eq. (13) were valid it would be even more useful, but 
this has not been established. The present results and those of Emme- 
LIN & Kahlson (1944), however, make this relation seem most prob- 
able, i. e. the concentration of active histamine in the tissue is directly 
proportional to the injection rate of histamine. 

General reactions of the animals after histamine ad- 
ministration. 

The administration of large doses of histamine (more than 3 mg/kg/hour) 
may cause a severe shock — Dale & Laidlaw (1919) — and a considerable 
decrease of the blood pressure — McCareel & Drinker (1941). In the present 




Fig. 11. The relation between the {njrclion rate of hixtamine and the fteadij state 
values of the histamine concentration in plasma. The filled circles are the corre- 
spending secretion rates. (The regression cocfficicnt=^‘l.fi8: the standnrtl error 
of estimate = ± 7.7; the coefficient of correlation ~ 0.01.) 

experiments the largest dose has been about O.G mg/kg/hour and mostly not 
more than 0.25 mg/kg/hour were used. It is thought that these doses do not 
cause any persistent decrease in the blood pressure. It was only with the very 
highest injection rates that a slight dyspnoea was observed, but otherwise no 
undesired reaction could be noticed. 

In a few experiments with narcotized cats (chloralose-urethane) tlio results of 
Gikaud-Costa & Gayral (1940) and Emmelik (1945) Imvc been confirmed, 
namely that the injection of small doses of histamine may cause an immediate 
decrease in the blood pressure which returns to its original level in a few minutes. 

In whal form docs histaiimic exist in (he 'phsma? 

This question has been widely discussed by several authors. Tauius-Waiie- 
BERG (1936) considered that histamine occurred in the free form under special 
conditions. ICaiser (1939) was of the opinion that histamine was bound to pro- 
tein and inactive, which was also stated by Kocua e Silva (1942, 1943, 1944), 
Emmeltk (1945), from several kinds of experiments, concluded that histamine 
exists in plasma in n physiologically active form, or as an inactive compound 
from which histamine is extremely easily liberated. His results were criticized 
by CoLLDAHL, Holmberq & Laurell (1940). 

In the present experiments the dogs showed a high concentration in the 
plasma of substances which acted upon the guinea pig gut, even when no gastric 
secretion could be obtained. This activity may have been due to histamine, but 
t ere was no stimulation of the gastric glands. The reason might be a) that 
histamine occurred in a physiologically inactive form or h) that the gastric 
glands were m some way adapted to the actual histamine concentration and 
started the secretion only for an increase in the plasma histamine level. 
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In order to determine whether histamine alone was responsible for the gut 
contractions, the following experiments were performed: 

Some antihistamine preparations were added to the T>Tode’s solution in the 
intestinal bath. Nilzen (1947) gives some concentrations of such drugs which 
he found necessary to inhibit the contractions. By using the same concentra- 
tions of Antasten^ (Ciba) as Nilzen — 1.0 [xg/ml — a pure histamine solution 
was rendered ineffective and the plasma extract was deprived of about 2/3 of 
its activity. 

After a very large dose of Lergitin^ (Recip) — 1 mg/ml — no contraction 
could be initiated either by pure histamine or by the plasma extract (the in- 
testine did, however, still react on addition of a cety choline). 

These findings make it seem probable (but do not prove) that the “base 
values” of the plasma extracts were histamine. 

It seems very difficult to disprove the cross-circulation experiments per- 
formed by Emmelin (1945), which proved that histamine existed in an active 
form. On the other hand Coled ahl, Holmberg & Laurell (1946) have dis- 
proved the existence of any adaptation. In the present experiments the “base 
value” was not constant and would sometimes show a marked decrease from 
day to day. This may also be in opposition to an adaptation theory. 

It seems, on these findings, 'probable that histamine may occur in an inactive 
form in the blood. 


CHAPTER 5. 

Time-secretion Relation after Continuous 
Intravenous Injection of Histamine. 

Effect of constant injection rates. 

From chapter 4 the relation between the injection rate of histamine 
and the blood concentration is known. It is found that, in accordance 
with the theoretical considerations, the blood concentrations will ap- 
proach a steady state value which is proportional to the injection rate. 
AVhen the concentration in the blood is constant that in the tissues 
must also be considered to be constant as a constant blood concen- 
tration indicates a dynamic equilibrium between blood and tissue. 

Considering the tissue concentration of histamine as following the 
theoretical curve in fig. 10, it will be of interest to know how the hist- 
amine effect in the gastric mucosa will proceed. Fig. 12 shows a typical 
experiment, which gives an answer to the question. The injection of 


^ 2-phenylbenzyIaminometbylimidazolin hydrochloride. 
“ Dimethylbenzylphenylethylendiamin hydrochloride. 




Fig. 12. A typical experiment nhou’iny gantric fircrrtioit after rondnuous intra- 
venous injection of histamine. The injection ih titiirte<i nt 0 liourx ainl contimicd 
at a constant rate till 2'”' hours vlien it is stopped. The upjx'r-parl of the dia- 
gram shows tho secretion rate expressed in ml/2 min; the lower part tiie <'t)rre- 

sponding inl/10 min. 


histamine is started at time 0 and contimicd at a con.stant rate. After 
about 6 minutes the secretion starts and risc.s to a constant, value 
which is reached in about 30 minutes. This means tliat there is a t ime 
lag of about 30 minutes licforc the rate of secretion reae.he.s its final 
value, a fact wliicli may be due to there being a similar time lag before 
the final steady value of the histamine concentration in the ti.'^.snes i.s 
reached. 

The secretion rates are expressed in ml/10 minutes (the lower part 
of the figure) and ml/2 minutes (tlic U]ipcr part). Cf. the “Ib-ocedurc" 
chapter (page Id). 

Several experiments have shown tlmt a constant value of the secretion 
rate can ha maintained for at least 8 hours. A sign of fatigue lias 
eeu noticed only on one dog at high injection rates. 

The general appearance of the curve resembles that of the time- 
concentration curve of a drug illustrating the theoretical considera- 
tions in chapter d (eq. 11 and fig. 10). Notice the time lag, which 
ma es e curve concave upwards from the start at its origin. It is 
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Fig. 13. The apparent disagreement between the injection rate of histamine and 
the secretion rate. This disagreement only appears when the amounts secreted 
over periods of 10 minutes are considered and is not apparent on consideration 
of the amoimts secreted over periods of 2 minutes. (See 'text.) 

not unexpected to find such a time relation, as the effect of histaniiue 
in inducing secretion must be reluted to its concentTotion in the tissue 
{mucosa). Cf. Teorell (1937, c). 

Effect of changing the injection rate of histamine. 

The above mentioned results have the following interesting con- 
sequences. As the injected histamine has to pass through the blood 
stream before it enters the gastric mucosa, a 30 minutes time lag will 
occur between a change in the injection rate and a new steady state 
value of the gastric secretory rate. 

This may sometimes cause surprising results, which have been seen 
in experiments of which a typical one is given in fig. 13. I^Tien a 
sufficient time has elapsed after starting the injection, and the secre- 
tory rate (s. r.) has become constant, the injection rate (i. r.) is sud- 
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CHAPTER 6. 

Relation between Histamine Concentration and 
Rate of Secretion. Concentration-action Curves. 

Theoretical considerations. 

Histamine acts directly upon the peripheral structure of the gastric 
mucosa. It has been proved many times, that no nerve supply by the 
vagus to the stomach is required for its response to histamine — 
PopiELSKi (1920), Keeton, Luckhaedt & Koch (1920), Koskowski 
(1922) and Ivy & Javois (1924). Even a transplanted piece of mucosa 
secretes hydrochloric acid after stimulation with histamine — Ivy & 
Faeeell (1925), Klein & Aenheim (1932) and Geossman & Ivy 
(1946). It may therefore he expected, that a close relation will be found 
between the histamine content of the mucosa and its secretion rate. — cf. 
Teoeell (1937 c). 

Lips, VEESCHtruE & Steengeks (1947) could not find any covariation be- 
tween histamine concentration in the blood and gastric acidity, but this may 
be due to the specific experimental procedure employed. 

The mechanism in which histamine takes an active part is un- 
known. We can, however, make a rough model of the system which 
may incorporate the mechanism while remaining ignorant of its 
details. 

Define the secretory process as the “producing floiv,” which is con- 
verted into hydrochloric acid by means of histamine.^ Consider the 
maximal response of the mucosa towards histamine to be a ml/min., 
which will be secreted when all of the “producing flow” is converted 
into hydrochloric acid. 

At a certain concentration of histamine in the mucosa, z,^ some part 
— or the whole of it — is causing secretion of gastric acid.® 

We may call the rate of this contribution of histamine or better 
flux of histamine to the secretory process ^z. This ^z is certainly 
proportional to z and consequently to the injection rate of histamine r. 
(Cf. eq. (13).) 

1 This “producing flow” may be the production of a real preciu-sor to the 
HCl or of different chemical compounds which take part in the acid formation. 

2 Cf. eq. (13). 

2 Histamine may be consumed^ during the secretory process or act in a 
catalytic way. The following argument will be the same in both cases. 
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Thus \vc may put 

(17) 

is convorlinc the “produciiut flow” into liydrochlnric acid irt a 
rate of V inl/min. 

If is increased by this increment may react with the ‘‘pro- 
ducing flow” still left, {a — r), and tlius cause an acceleration of the 
secretion, <Iv. Following' the law of mass action dv will bo proportional 
to the product of d<!>z and (o — v) or 

d t' “ K (a ~v)d^,z (1 8) 

where K is a constant. 

Intcfiration of this equation pives 

(19) 

or by .substitution of (17) and puttinp A'/.'j — /.• 

( 20 ) 

This is a well known mathematical c.xprcssion. It is praphicnlly 
represented by a curve pa.ssinp throuph the oripin and risinp ex- 
ponentially to an a.syrnptotic value o. — cf. Ohuink (1917 b). 

Experimental data. 

In order to pet .satisfactory experimental results in this field, the 
adoption of the method of continuous intravenous injection afford.s 
a preat help in pettinp constant and easily determined secretory 
rates. In the i)rc.scnt experiments the constancy has been observed 
for at least fifteen 2-ininute periods and the mean of the secretory rate 
has been calculated. The value.s arc expro-ssed in ml/min (not in ml/2 
minutes). 

From the experiments on one dop (19.7 kp) the injection rates of 
histamine and the correspondinp rates of secretion arc piven in 
Table 1. The third column in this table shows that the injection rates 
have been chanped at random. The concentration of histamine in- 
jected has also been varied ns is seen in the second column. 

Plotting the secretion rates as the ordinate in a coordinate system 
with the rates of injection of histamine as the abscissa we pet the 
fig. U. 

How does eq. (20) fit these points? That is a matter of correlatioa 
analysis. 
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Table 1. The relation betiveen injection rate of histamine and secretion 

rate of gastric juice. 



Cone, of histamine 

Rat« of injection 

Rate of secretion 


injected mg/ml 

mg/hour 

ml/min. 

31/1 

0.50 

3.40 

1.39 

5/2 

0.75 

2.85 

1.06 

9/2 

0.75 

2.85 

0.96 

11/2 

0.25 

0.95 

0.54 

11/2 

0.25 

4.80 

1.18 

12/2 

0.10 

0.40 

0.21 

12/2 

0.10 

1.90 

0.98 

13/2 

0.10 

0.40 

0.30 

13/2 

0.10 

0.68 

0.41 

14/2 

0.25 

0.95 

0.43 

14/2 

0.25 

1.30 

0.67 

15/2 

1.00 

3.80 

1.03 

15/2 

1.00 

5.20 

1.25 

20/2 

0.20 

0.54 

0.35 

20/2 

0.20 

1.50 

0.83 

20/2 

0.20 

3.92 

1.17 

25/2 

0.30 

1.03 

0.47 

25/2 

0.30 

2.34 

0.89 

26/2 

0.30 

1.03 

0.52 

28/2 

0.50 

1.78 j 

0.91 

28/2 

0.50 

3.50 

1.34 

1/3 

0.33 

1.29 

0.52 

1/3 

0.33 

2.06 

0.88 

1/3 

0.33 

2.53 

1.08 

4/3 

0.03 

0.10 

0.02 

4/3 

0.03 

0.14 

0.03 

4/3 

0.03 

0.18 

0.11 

8/3 

1.00 

2.70 

0.98 

8/3 

20/3 

20/3 

1.00 

1.00 

1.00 

4.50 

2.50 

5.40 

1.13 

1.04 

1.15 

20/3 

1.00 

6.50 

1.20 


Mathematical treatment of the experimental data. 

The method of least squares has been employed^ 

1 For technique see M. Ezekiel: Methods of Coixelation Analysis. New 
York 1945. 
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/ ^ J ^ 5 tf 

Injection rate of hfstamfne 

Fig. 14. The relation between the injection rate of histamhic (r) and secretion 
rate of gastric juice (r). Tho smoothing curve is that obtained from the eq. 
v — 1.37 ““ 1.38 The dotted lines indicate the '‘standard error of 

estimate.” 

The eq. 

v = a{l — 

may be written in a more general form 

v = ao — ( 21 ) 

where the condition that the curve must pass through the origin is 
abandoned. 

Eq. (21) may be vTitten 

v = ao — ttjii ( 22 ) 

where 

u = (23) 

Eq. (22) gives the following normal equations: 

f n - Oq — a^ 2u = 2v (24) 

ag2u — ai2u^ = 2uv (25) 

The values of u are calculated from (23) and will depend on the 
value of k. It is therefore necessary to solve the eq. system (24), (25) 
for different values of k and calculate the corresponding sum of squares 
of the differences, d, which will have the following expression: 

2d^ = 2v^ — ao2v -h ai:Suv (26) 

In Table 2 the dependence of this sum on the value of k indicates 
that the least sum is obtained for a k value of about 0.5. A more exact 
determination of the value would have no mathematical significance. 
3 — 48239 K.J.Obrink 
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Table 2. The statistical value of eg. (21) for different h-values. 


A;-value 

2d'- 

^0 


0.25 

0.5670 

1.79 

1.64 

0.50 

0.2823 

1.37 

1.38 

0.75 

0.2866 

1.21 

1.35 

1.00 

0.4093 

1.13 

1.36 


Thus the solution is 

k = 0.5 

«o = l-37 ± 0.03 
and aj = 1.38 + 0.06 

Thus 

= 1.37 — 1.38- e-o-5’- (27) 

The iTidex of correlation, R, is 0.97 + 0.01. 

1 /~ 2 

f ^ 2 ml/min. The eq. 

(27) gives a very good agreement as is seen in fig. 14, where the broken 
lines are the statistical limits given by + the standard error of esti- 
mate.^ It is seen from this figure and understood from the a- values, 
that at an injection rate r = 0 the curve has a v-intercept, that is not 
statistically different from 0, i. e. the curve passes through its origin. 
Thus' it would be correct to write the eq. (27) 

i; = 1.37 (1 — e-o-sO- (^8) 

The experiments above were performed on a single dog. The same 
results, however, are obtained on other dogs. For example fig. 15 
shows the same relations on this and other dogs and indicates, that 
it might be justifiable to consider the above results as having general 

validity. 

1 Other mathematical expressions have been correlated with the experi- 
mental values but with unsatisfactory results. Examples of such equations are: 

y = ae * + 6; 

1 / = a • log (a: + 1)); 

aa;®T6a;2/ + C2/* + cia:-i'ei/ + /“ 0; 
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Fig. 15. A comparison between concentration-action curves jroin different dogs. 
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Fig. 16. The prohit transformation of the experimental results in fig. 14. 


These results suggest that the secretory rate is very closely related to 
the injection rate of histamine and to its concentration in the plasma 
and probably also to the concentration in the mucosa. This is in 
perfect accordance with the results presented in the previous chap- 
ter, where lack of agreement between the stimulus and secretion was 
only apparent and was due to special experimental circumstances. 
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Discussion on tlie concentration— action curve. 

Fig. 14 shows the close relation between the injection rate of 
histamine (i. e. the concentration of histamine) and the secretion rate. 
This shape of a concentration-action curve is well-known to all physio- 
logists and pharmacologists. 

In the discussion of this curve it might be of interest to transform 
the abscissa (the dose) into a logarithmic scale (the log dose). With 
this transformation fig. 14 changes to a slightly ^S-shaped curve. This 
relation was also reported by Ivy, Hanson & Geossman (1947). 

The ^-curve may be considered as the integral of a normal distri- 
bution curve as indicated by the jig. 16 where the “normal equivalent 
deviation” to the secretion rate^ is plotted against the log injection 
rate. This follows a procedure proposed by Gaddum (1933) and 
would give a straight line if the increments of the secretion rate 
in relation to the logarithm of the injection rate of histamine resulted 
in a normal distribution curve. The points in fig. 16 lie practically 
along a straight line. 

This means, in practice, that the procedure presented is a good method for 
standardizing histamine preparations. The intersection between the straight 
line and the abscissa in fig. 16 is the corresponding '"LD 50" — Trevan 
( 1927) — and this dose is a good measure of the activity of the histamine pre- 
paration. (Because of the laboriousness of this method it is, however, only of 
theoretical interest.) 

It is of interest to compare the present concentration-action curve with the 
one obtained when the pancreas is stimulated by the continuous intravenous 
injection of secretin. Wilander & Agren (1932) and Greenoard, Stein & 
Ivy (1941) found an /S-shaped relation between the secretion rate and the dose 
of secretin. Their technique is similar to the present one, but the resulting 
curves are different. 

It is not possible to explain this disagreement on the basis of our present 
knowledge. 

1 “The normal deviation (y) which is equivalent to any given percentage 
depends on the shape of the normal curve. It is equal to the deviation from the 
mean, and is 'measured in standard deviations as units. AVhen the percentage 
(p) is 50, y = 0; when it is greater than 50, y is positive, and when it is less than 
60, y is negative. Algebraically its value is given by the equation 

1 r-a 


(After Gaddtjm (1933).) 
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As the volume secreted is produced by the activity of many 
cells, the mode of reaction of these elements^ ought to be known 
before we can disintegrate the resultant action curve. 

At the moment w'e may only give an outline of the possible modes 
of reaction of the secreting cells; 

a) The cells may react uniformly, i. e. they start the secretion at 
the same dose and have a graded, response to increasing doses. The 
concentration-action curve of every individual cell would then be 
expected to have the same shape as the curve in fig. 14. 

b) The cells may have a quantal, or all-or-no’thing, response, 
i. e. they start reacting at a certain threshold dose and at onee give 
a maximal response. If the threshold doses were to have a distribution 
curve skew' to the right fig. 14 might be the result. 

c) Finally the cells may have a graded response but start secretion 
at different threshold doses. 

It is impossible to say which of these three possibilities is the correct 
one. 


CHAPTER 7. 

The Secretion of Gastric Juice after Subcutaneous 
Injections of Histamine. 

As the most usual way of stimulating the gastric glands by hist- 
amine is by subcutaneous injection, it seems necessary to eompare 
this route of administration with the continuous intravenous one from 
a kinetical point of view. 

From chapter 4 the time-concentration relation in blood and tissue 
after a subcutaneous injection was assumed to be known (eqs 8, 
9 and fig. 9, page 21). Combining eq. 9 (the tissue concentration) 
with the relation “tissue concentration” — “secretion rate” (eq. 20, 
fig. 14, page 33) the kinetics of the secretion rate after a subcutaneous 
injection of histamine will appear. The mathematical expression of 
this relationship is, however, rather complicated^ but the general 
shape of the curve is much the same as the tissue concentration curve 
in fig. 9 (page 21). 

1 V = o[i _ + The meanings of the symbols 

are the same here as in chapters 4 and 6. 
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Fig. 17. Two results from subcutaneous injections of histamine. (4.0 mg.) The 
resorption conditions were different, which resulted in different maximal 
secretion rates. The total amounts secreted were, however, almost egual. 

This course is quite well known to everyone who has followed the 
gastric secretion after a subcutaneous injection of histamine. After 
a time lag of about 6 — 10 minutes the secretion rate increases to a 
maximal value which, in pouch dogs, is obtained after about 25 min- 
utes, when 0.5 — 1.0 ml of histamine has been injected (the dose is 
insignificant). In about 60 minutes the period of secretion is over. 

The secretion after a single subcutaneous injection of histamine. 

Usually, and especially in clinical practice, a single subcutaneous in- 
jection of histamine is used. Either the maximal rate of secretion or 
the total amount secreted is observed. 

The Tnaximal rate of secretion. 

In chapter 4 it was suggested that the maximal value of the hist- 
amine concentration in the tissue was dependent on the resorption 
rate from the depot (page 23). If this can be kept constant from in- 
jection to injection (i. e. is constant) a close relation between the 
dose and the maximal rate of secretion would appear. In order to 
determine such a maximal rate of the secretion it was, however, stated 
(page 29) that it is necessary to collect at short intervals. Even 10- 
minutes’ intervals may be too long. 

If furthermore the resorption varies, the maximal values may differ 
considerably. In /iff. 17 the same dose (4,0 mg histamine dihydro- 
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Fig. 18 . The relation between the dose of histamine given subcutaneously and the 
maximal values of the secretion rate. 

chloride dissolved in 2 ml saline) was given on two different days to 
the same dog. In the one experiment the injection was made on the 
thigh where a distinct swelling occurred, in the other one in the in- 
guinal region where the whole volume was spread out. In the second 
case the maximal secretion was much higher than in the first one, 
which may depend to some extent on the different conditions of resorp- 
tion from the two depots. Theoretically we would expect the second 
curve (the high one) to reach its maximum before the first one (the 
flat one) but for some unknown reason this was not the case. 

If we try, however, to make the resorption conditions as nearly 
identical as possible, the relation between the dose of histamine and 
the maximal secretion value (per 10 minutes) will be as good as in 
fig. 18. For small doses this relation seems satisfactory. 

The total volume secreted. 

The total amount of the drug in the tissue was found to be in- 
dependent of the resorption rate (independent of k^) as shown in eq. 

(16) (page 22); Z = ~^ N^, where Z = the total amount of the drug 

present in the tissue after a subcutaneous injection of a dose Ng, Jc^ 
and q are constants. 

As, however, the relation between the concentration of histamine 
in the tissue and the secretion rate is not a direct proportionality 
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Fig. 19. 7Jic TclcttiOYi hciwccTi iht dosG of hiBloiiiinc givEH suhcuiaHcously ond 

the total volume gastric juiee. 

except at the lowest concentrations (eq. 20, page 31 is almost a 
straight line near to the origin), we might expect to find a close relation 
between the dose of histamine and the total amount secreted only 
when the tissue concentrations are kept at a moderate level. 

If this is the case the total amount secreted will be proportional to 
the dose of histamine even though the maximal secretion values per 
10 min. period differ. Though the experiments in fig. 17 were per- 
formed with rather large doses of histamine (4 mg) they nevertheless 
show a good agreement in respect to the total volumes (60.9 and 
63.7 ml). 

It can, however, be concluded that, oAving to the shape of the rela- 
tion “tissue concentration” — “secretion rate,” a good agreement 
between the subcutaneous dose of histamine and the total amount 
secreted will only be obtained for small doses, which is shown to be 
the case in fig. 19. 

’"‘‘Continuous histamine test.'’’ 

One interesting consequence arising in this connection is the behaviour of 
the tissue concentration after frequently repeated subcutaneous injections. Such 
a method of administration was adopted by Bucher, Ivy & Gray 0941) and 
others, under the name of “continuous histamine tesV’. Small doses of histamine 
were injected subcutaneously every 10 minutes with the intention of obtaining 
a constant secretion rate. In this case the concentration of histamine in the 
tissue may be considered as the sum of the concentrations obtained after every 
individual injection. This is best understood by looking at fig. 20. The time lag 
between an injection of histamine and its maximal concentration in the tissue 
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Fig. 20. The theoretical conceniraliom of histamine in the tissue after repeated 
subcutaneous injections* Every single injection is assume to gi\o a 
concentration curve like the dotted ones. The sum of these gives the total 

concentration. 


is assumed to be 25 minutes. After about 50 — 60 minutes the tissue concen- 
tration level will oscillate around a mean value. The secretion of gastric juice 
is supposed to follow these oscillations and will conscQuently give the same 
secretion volume for every period of 10 minutes as long as the injections are 
repeated. This method might therefore be almost as good as the one used in 
this paper. A disadvantage is the repeated injection injuries. 

The method presumes, however, that the resorption rate (the' “velocity con- 
stant” il'j, page 20) from the injection depot is constant, otherwise the individual 
dotted curves in fig. 20 will not be identical and a constant secretion rate will 
not be obtained. 


CHAPTER 8. 

The Minimal Effective Dose of Histamine 
Producing- Gastric Acid. 

It is apparent that histamine acts after its transportation by the 
blood — Gutowski (1924b) — to the cells of the mucosa. In a previous 
chapter the dependence of the secretion rate on the concentration 
of histamine in blood and mucosa has been demonstrated. 

In this connection it seems convenient to discuss a problem which 
has been a point of controversy for many years, i. e. the minimal 
effective dose of histamine in the production of gastric acid. 

The authors who have given the question any attention have never 
ou te t e existence of a threshold for histamine action on the 
gastric mucosa but they do not agree as to its level. Table 3 shows 
the imnimal effective doses as postulated by different authors. 

^ ^ allows a contribution to the 

problem to be made. 
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Table 3. The minimal effective dose of histamine as reported by 

different authors. 


Author 

Reported 
threshold dose 

Expressed in 

Ivy and Javois (1924) 

0.0027 mg^/kg/min. 

162 

Teorell (1933) 

100 7^/15 min.^ 

58 

Engestrort (1935) 

< 5y^/kg/15 min. 

<12 

McElin and Horton (1946) 

<C 0.00003 mg^/kg/min. 

< 1.8 

Ivy, Hanson and Grossman (1947). 

0.03 {xgVkg/min. 

1.8 

The present author (Dog S) 


3 

» » » (Hog R) 


0.9 

» » » (Hog B) 


0.8 


^ Histamine base. 

* Histamine phosphate. 

® Histamine dihydrochloride. 

* On a cat (probably about 2.5 kg in weight). 

(Histamine base : histamine phosphate : histamine dihydrochloride = 

1 : 2.79 : 1.67.) 

If a threshold value exists it will be at the point where this curve 
cuts the abscissa, i. e. the r value for v = 0. The eq. (27) indicates the 
r value to be 0.01 mg/hour, but the statistical limits of the curve 
enclose the origin and thus the threshold value is not different from 0. 
That means, that the slightest amount of histamine administered by 
continuous intravenous injection will initiate secretion. 

The least injection rate used in the experiments on the dog shown 
in fig. 14 was 0.1 mg/hour or 0.005 mg/lcg/hour. In another dog in- 
jection rates as low as 0.0013 mg/kg/hour/ i. e. 0.0008 mg histamine 
base/kg/hour were effective. This is the lowest value given in the 
literature as far as is known to the author (cf. Table 3). 

Therefore it seems justifiable to state, that there is no threshold value 
for the effect of histamine on gastric secretion. 

It is, however, necessary to point out, that this conclusion is valid 
only for histamine administered to the body. It ought to be kept in 
mind, that there exists histamine in the blood of a non-treated dog, which 
has no secretory effect as described in chapter 4 (page 24). This 
histamine is nottaken into account above. 
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CHAPTER 9. 

On the Primary Acidity. 

It is well known that the acid produced by the gastric mucosa will 
be exposed to dilution, neutralization, diffusion and other possible 
processes, which may alter its original strength. The concentration of 
the gastric acid as measured in a sample obtained from a whole stom- 
ach or a pouch will therefore have a different value than it would 
have if it were examined at the very moment of secretion. This acid 
in statu nascendi has a concentration, which is usually called the 
'primary acidity, (Pa). In an analogous way the concentration of the 
changed acid may be named the secondary acidity, {Sa). 

Ever since Heidenhain and Pavlov first suggested the existence 
of a primary acidity two fundamental questions have been raised: 

1) what value has the Pa and 

2) is it constant or not, i. e. is it independent of the rate of secretion? 

In spite of the many attempts of several authors to answer them 
the questions are still open. 

According to the second question Pavlov (1898 p. 38 — 39) and his 
school thought that the Pa must be constant, a suggestion that he 
never tried to prove experimentally but in which he had very good 
reason to believe (cf. chapter 10 page 46). Also cf. Hollandek & 
CowGiLL (1931), Hollander (1932, 1934, 1938). 

Roseman (1907) was the best known of the opponents of this view. 
He noticed that in spite of a variability of the Sa the chloride content 
remained constant, and he considered the secretory process to be an 
elaboration of a neutral chloride which by some specific stimulation 
was converted into HCl. The stronger the stimulation the more HCI 
was formed and the less neutral chloride was left. 

His conclusions were also adopted by Berglund, Johnsson & 
Chang (1935) who considered the secretion of the chlorides as the 
essential part of the parietal secretion. 

Experiments performed by the present author, however, suggest 
(page 71 ff.) that the entrance of chlorides in the gastric juice is influ- 
enced not only by the acid secretion but also by diffusion processes. 

Other theories about the Pa have also been proposed, but they are 
only variants of the two mentioned, cf. Engestrom (1935). 



Those workers, who, like Pavlov, believe in a constant strength of 
the Pa have been interested to know the value of it. 

According to Pavlov the decrease of the Pa was due to dilution and 
neutralization hy mucus, the effect of which would have a greater 
significance at low secretion rates.. The higher the secretion rate the 
less the difference between Pa and Sa. Therefore Hollander (1934) 
tried to evaluate the magnitude of the Pa by extrapolation of the Sa 
values for infinitely large secretion rates. He found that the Pa should 
be about 170 mN — a most probable value because it is almost isotonic 
with blood. Using the same method Gray (1943) gives 159 mN as the 
Pa value. 

Tn a few cases experiments have been made to determine the Pa by 
a dilution method. The principles were to cause such a high dilution 
of the primary acid, that the reduction of acidity by dilution with 
mucus or other admixtures of the gastric juice would be negligible. 
These observations gave similar results to the extrapolation method, 
though in a few cases extremely high values were obtained — WiL- 
HELMj, O’Brien & Hill (1936), Penner, Hollander & Post (1940), 
Bandes, Hollander & Glickstein (1940). 

When Teorell (1933) proposed his theory of diffusion (the “dif- 
fusion theory'^ cf. page 47) another factor, that may reduce the Pa 
had to be taken into consideration. Using this new principle Teorell 
(1940) described another method of determining the Pa. He caught 
the secreted acid in a glycocol buffer, thus causing both a dilution and 
a prevention of back diffusion of the hydrogen ions. Using this method 
he concluded that the Pa was constant and almost isotonic with blood 
(see also the papers by Ihre (1938), Elliot, Risholm & Obrink (1942) 
and Kaijser (1943)), but he also observed much higher values, espe- 
cially at low secretory rates. These values were, however, too uncertain 
and not taken into account. 

By the method described in chapter 2 it has, however, been possible 
to make observations at very small secretion rates. Under these new 
conditions work on the Pa has been carried out by Linde, Teorell 
& Obrink (1947). Their results are of importance for the discussion 
of the Sa, that follows, and will therefore be recapitulated here. 

The primary acidity is probably not constant but becomes higher at 
low secretory rates. It decreases as the secretion rate increases and 
approaches a value of about 170 mN asymptotically. Fig. 21 shows 
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Secretion rate 


Fig. 21. The qyrhnary acidity in relation to the secretory rate. Tho corresponding 
secondary acidity values from the sumo dog arc plotted as open circles. — 
After Linde, Teouele & Obkink (1017). 


the relation. In this figure the relation between the secretion rate v 
and Pa is expressed in 

Pa = Poo + (Po — Poo) (29) 

where P^, is the Pa-value for u = oo, P^ the value for v~0 and is 
a constant. The corresponding Sa-valucs are given for comparison. 

The corresponding chloride values arc ahvays somewhat higher which 
may depend on the diffusion of' Cl into the buffer solution. 

The significance of the values has been critically discussed with 
regard to the possibilities of artefacts. 

One should note the good agreement between these high Pa-values 
and some modern theories about the HCl-formation in the mucosa. 
Bull & Gray (1945) consider the exchange diffusion of the anion 
from an organic acid for Cl“ to be the essential process in the HCl- 
formation. The organic acid is formed from glucose and may be 
P5^vic acid, which must have a concentration of 330 mN in order to 
be isotonic with blood. Conversion of this into HCl will of course give 
an HCl-solution of 330 mN which is hypertonic because of the high 
degree of ionization of hydrochloric acid. In their experiments Linde, 
Teorell & Obrink obtained values of about 350 mN. 
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It should, however, be noticed that the osmotic work required to 
make such a hypertonic solution, may not have been performed in the 
buffer solution experiments, as the isotonic volume instilled probably 
prevented any significant hypertonicity even if all the' pyruvic acid 
was converted to HCl. 

As yet therefore, there are no definite proofs of the existence of 
these extremely high Pa values. 

As will be seen in chapter 10 it is of no decisive importance for the 
following whether the Pa increases at low secretory rates or remains 
constant, and therefore the value of the Pa will mostly be handled as 
a constant in the following. 


CHAPTER 10. 

Regulation of the Acidity. 

Introduction. 

If we assume a 'primary acidity (Pa), the concentration actually 
observed, the secondary acidity (Sa), results from a reduction of the Pa. 
The difference between Pa and Sa must depend on some mechanism 
about the nature of - which a discussion has been going on for many 
years. 

Pavlov (1898) who was the first to pay any attention to this 
question, stated that the mucus would neutralize and dilute the secreted 
acid. He noticed that the acidity decrease was more pronounced at 
low rates of secretion. The capacity of mucus for binding hydro- 
chloric acid could be detected in a convincing way at the start of an 
experiment. At the height of the secretion, the mucus was, however, 
maximally loaded with acid and when the rate decreased at the end 
of an experiment no decrease in acidity would therefore be possible. 
This made Pavlov believe in a constant primary acidity (cf. page 43) 
and in the reduction of acidity by mucus. This theory concerning the 
mucus seemed very convincing and is still defended. Babkin and his 
co-workers believe in the neutralizing capacity of mucus.^ 

Boldyreff (1907, 1911, 1914, 1933) has proposed another explana- 
tion of the acidity decrease. He observed that under certain conditions 


' For a good review in this field^see the monograph by Babkin (1944). 
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a regurgitation of duodenal contents occurred. This admixture was 
alkaline and able to neutralize (and of course dilute) the acid. The 
neutralizing capacity of the duodenal juice is considered to be much 
higher than that of the mucus. According to Ihre (1938) the conibent 
of alkali is about 10 mN in the mucus but 100 mN in the pancreatic 
juice. 

In most cases this explanation of Boldyreff is very difficult to 
exclude. However, experiments have been carried out on man in 
which precautions have been taken against getting any admixture 
from the intestine. Cf. Ihre (1938) and Elliot, Eisholm & Obrink 
(1942). 

In the present paper the experiments have been performed on pouch 
dogs. That means that no account need be taken of any admixture 
from places outside the pouch. 

In 1933 Teorell put forward his theory of diffusion. By exper- 
iments on cats’ stomachs he came to the conclusion that the gastric 
mucosa could be considered as similar to a dialysing membrane, 
through which the hydrogen ions of the juice were exchanged for 
sodium ions of the blood (or cells) — cf. also Teorell (1935 a, 1939, 
1940, 1947). 

His statement was based on the fact that a considerable decrease 
in the concentration of instilled hydrochloric acid occurred in a tied- 
off stomach without any appreciable changes in the volume. 

Some papers have appeared — Ihre (1938), Elliot, Eisholm & 
Obrink (1942), Kaijser (1943), Flensborg (1944), Shay, Komarow, 
SiPLET & Eels (1946) — that give support to the theory of diffusion, 
but there are unexplained features, a fact which has been pointed 
out by some authors — see e. g. Babkin, Hebb & Kreuger (1941), 
Babkin (1944). Of great importance are the papers by Cope, Cohn 
& Brenizer (1943) showing that radioactive sodium is absorbed from 
a gastric pouch and by Cope, Blatt & Ball (1943) showing that 
heavy water easily penetrates the gastric mucosa. 

This paper .is an attempt to throw some light- upon remaining prob- 
lems in the acidity regulation. First, however, it is necessary to give 
a more detailed account of the theory of diffusion. 

The ’■'■Diffusion Theory.'^ 

First it must be pointed out that diffusion in this case does not 
necessarily mean a penetration of the hydrogen ions through the 
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mucosal membrane, but tbat ad- or absorption may have the same 
effect in producing an acidity decrease under special conditions (cf. 
page 51). 

Three ions are of particular interest and they will be considered 
here. These are the hydrogen, the chloride and the sodium ions. In 
this chapter only the behaviour of the hydrogen ion will be discussed. 
According to Tbokell (1947) the theoretical considerations are the 
following: 

As pointed out by Guggenheim it is allowable to consider the dif- 
fusion of the different ions of HCl and NaCl resp. taking place as un- 
dissociated molecules. 

Thus the changes in the concentration of the hydrogen ions in the 
stomach are the following: 


increment due to secretion — 


+ 


(30) 


decrement due to diffusion = — 


JcH 

y + vt 


dt 


(31) 


decrement due to dilution = — 


V- dt ^ 
. jy 

y + vt 


(32) 


where v is the secretion rate, p is the volume of non-acid material 
present in the stomach when the experiment starts (test meal volume), 
Go the strength of the secreted acid (the primary acidity at the secre- 
tion rate v), H the actual hydrogen ion concentration, t the time and 
k a permeability coefficient including the diffusion coefficient, the 
diffusion area and the thickness (resistance) of the membrane. The 
total changes of the hydrogen ion concentration will be 

^ _ vG„-{k + v)H 
dt p + vt 


The solution of this differential eq. will be 




Go 


+ 1 


HP 


If no test meal volumes are present 




Go 


+ 1 


(34) 


( 35 ) 


V 
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This means that the secondary acidity is not dependant on the time, hut, 
only on the secretory rate. 

By putting u = 0 in eq. (35), H — 0, and when v — oo,H — G^. , 
That means, that the diffusioti {like the neutralization and dilution) is 
of greater significance at low secretory rates. 


The deduction made above, which is to be found in the recent paper by Teo- 
RELL (1947) assumes the secreted volume to be instantly and thoroughly mixed 
with the volumes previously secreted. This makes it justifiable to put the 
“decrement due to diffusion'" in eq. (31) as proportional to H. 

If on the contrary no mixing occurs the diffusion gradient will always be 
Cq — 0^ (instead of ^ — 0)^ as it will only be the freshly secreted volume that 
is in contact with the diffusion area. 

This proposition makes the eq. (33) change to 

dH {v~k)Co-vH 
dt p + vt 

which gives 



(37) 


(38) 


Here H = 0 when v = k and H = G„ when v = oo. 

Eq. (38) represents a h 3 q)erbolic curve approaching H for increasing 
V values and cutting the u-axis at v = k (cf. page 69). 

A curve, almost identical with this one is given by Gray, Bucher & 
Harman (1941) but on a different theoretical basis (cf. page 69). 


The value of the primary acidity (Cq). 

Ah important question is the value of Cq. In the previous chapter it 
was found that varied with the secretion rate in accordance with the 
eq. (29); 

Pa = Poo + (Po — Poo) 

where Pa is the primary acidity, the Pa value for u = oo, P^ the 
Pa value for u = 0. 

The hydrogen ion concentration in blood is very low in comparison to 
that of the gastric acid and can be neglected (=0). 

4 — 48239 K, J, Ohrinh 
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For the solution of the differential eqs. (33) and (36) it is of no 
importance whether Oq is a constant or not. The main thing is that it 
is constant for one single v value. Therefore we may substitute Pa for 
Gq. Eq. (35) will then be 

u Poo + (Pq — Poo)e~*'’’ 

H = (39) 

V 

The curve corresponding to this equation is roughly similar in shape 


to that given by (35), 

as for v = 0, H = 0, and for v = 

oo, H = P„. 

Furthermore the derivates at the origin {v = 0) are:. 


for (35) 

dH _C„ 



dv h 

(40) 

and 

d-H 2 On 

(41) 


dv- ~ h- 

and for (39) 

dH P„ 

(42) 


dv h 

and 

d-H 2Po 

dv- ” h- 

(43) 


With the constants involved, the general shapes of the two curves 
will be very similar. As, however, Pq is greater than Cq the curve for 
the Sa will rise more quickly (cf. eqs. (40) and (42)). 

In conclusion it may be said that it does not matter whether the 
Pa is constant or not, as the general shape of the curve relating the Sa 
to the secretion rate will be almost the same in both cases. 

Experimental data. 

In jig. 22 the relation between the secretion rate and the secondary 
acidity is given. Every point in this curve is obtained from several 
determinations of a steady state level of the secretion rate and the 
corresponding acidity value (cf. fig. 12, page 27). (Similar curves 
from other dogs are found in fig. 25, page 60). The significance of 
these results Avill now be discussed. 
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Fig. 22. Bclation between the secondary acidity and the sccretioyi rate (dog S). 
Tho full lino is tho curv'O derived from the diffusion theory 'vvhich best fits tho 
actual observations. Tho dotted lines denote the “standard error of estimate.” 

In the foregoing pages the factors that may reduce the strength of 
the Pa have been mentioned, they are: 

1) Dilution, 

2) Neutralization and 

3) Diffusion. 

No other possibilities appear to exist. Everj’’ factor mentioned in 
the literature can be included in one or more of these three categories. 
It should be pointed out, that diffusion is used in such a vdde sense, 
that adsorption under special conditions may be described as dif- 
fusion. The reason is, that in the technique used (see chapter 2) an 
adsorption that will load the mucosa or its mucus lining gives rise to 
no problem as the results discussed are not observed until a con- 
venient time has elapsed and the secretion rate and acidity have be- 
come constant. That means that the mucosa is already loaded and 
can no longer cause a further adsorption. If, however, the adsorbed 
amount should be given off on the other side (the blood side or nutri- 
tion side) more acid could be adsorbed from the gastric contents. The 
remaining process will then be analogous to that of diffusion. 

If on the other hand a continuous secretion of mucus should occur 
thus adsorbing acid during the entire experiment, this mucus secreted 
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would be obtained in tbe measuring cylinder (a continuous accumula- 
tion of mucus within the pouch would be impossible). In the present 
experiments the acidity values, which will be discussed, are deter- 
mined as the total acidity (titration with brom-thymol-blue pH range 
b.O 7.6 cf. chapter 3, page 15) and therefore any acid which may 
have been adsorbed or neutralized by mucus has also been detected. 
Only a very small amount can still be fixed to mucus according to the 
acid-base binding curves for mucus made by Ihre (1938). 

Thus there remain only the three possibilities mentioned above; 
dilution, neutralization and diffusion. 

1. Dilution. 

Every non-acid admixture to the stomach contents acts as a diluent. 
Examples may be found in test meals or washing fluids. In the pres- 
ent experiments no test meal is used, but the pouch is washed out 
with saline before every experiment. During the first minutes of an 
experiment this will of course dilute the secreted acid, but the effect 
will be more and more insignificant as the saline is forced out, and 
when the acidity has become constant we have reason to believe that 
it has no more influence. 

Those components of the gastric secretion which are non-acid may 
also act as diluents. Such constituents are mucus, enzymes and “dilut- 
ing secretion'' — “Verdiinnungssekretion” — (if such a secretion does 
exist). 

As the main question is whether there is something secreted which 
may dilute the parietal secretion, it is of no importance to know if this 
is mucus, enzymes or some other “Verdurmungssekretion.” Therefore 
we call all these diluting secretions. 

The diluting secretions. 

Very few authors have tried to prove the existence of a diluting 
secretion after histamine -stimulation cf. Hollander & Cowgill 
(1931), Engestrom (1935) and Hollander (1938). 

Experiments concerning the primary acidity by Linde, Teorell & 
Obrink (1947) seem, however, to disprove the existence of any im- 
portant diluting secretion. 

By carefully maintaining constant secretion rates they were able 
to prove that the difference between the primary and the secondary 
acidity was not due to any diluting admixture to the primary acid. 
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Only at extremely low secretory rates, less than 0.01 ml/min, a slight 
diluting secretion was significant. The order of such a secretion would 
be about 0.01 ml/min, from which it follows that dilution would be 
significant only for secretion rates of the order of 0.01 — 0.05 ml/min 
(vide infra). 

It might be stated that in the present experiments any significant 
diluting secretion can he excluded with the exception of this unimpor- 
tant amount of non-acid admixture. 


2. Neutralization. 

The only constituents of the gastric juice that could have any 
neutralizing effects would have to contain some basic radicals. Such 
are present in the proteins and in the mucus owing to their ampholytic 
character. The acid-binding capacity of mucus is very slight ac- 
cording to Ihre (1938). The concentration of bicarbonate in the 
mucus has been determined with the following results: Bolton & 
Goodhart (1931) — 39 mN; Webster (1933) — 16.8 mN; Baxter 
(1934) — 11.2 — 14.0 mN, Ihre (1938) — 3.2 — 10.8 mN andMAHLO 
(1938), who considers the mucus to have an acid reaction. 

The bicarbonate reacts with the hydrochloric acid to form sodium 
chloride and carbonic acid, which, in a second step would give water 
and carbon dioxide. This gas would easily be re-absorbed or given 
off into the air and thus escape a determination. 

In this connection it should be pointed out that such a neutralizing 
effect may also have occurred in the estimation of the primary acidity 
— Linde, Tborell & Obrink (1947) — and is therefore included in 
the calculated value of the Pa. 

If, in spite of the above, the mucus should lower the acidity could 
it be responsible for the acidity decrease in fig. 22? A secretion rate 
of 0.06 ml/min corresponds to an acidity value of 38 mN. That means 
a decrease of 132 mN from a constant Co-value of 170 mN. If the 
mucus were responsible for this and is considered to contain 10 mN 
of alkali, its volume-rate (m ml/min) can be calculated in the following 
way; 

(0.06 - m) X 170 — m X 10 = 0.06 X 38 
or 


fn = 0.04 ml/min. 

At such a secretion rate it would also act as a diluting fluid, which 
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lias been disproved above (page 52). If the secretion of mucus should 
take place within probable Umits (0.01 ml/min) the alkaline strength 
of it {n mN) would be 

0.05 X 170 — 0.01 X w = 0.06 X 38 
or 

w=622 mN, 

which is in absolute disagreement with earlier investigations. 

Thus, it may be stated that the effect of the mucus in regulating 
acidity can generally be neglected. 

This view is contrary to that of many investigators. Babkin and 
his'-collaborators have made many experiments showing the influence 
of the mucus. Here it would be of interest to discuss one paper of 
Grant (1942) which is also referred to by Babkin (1944 page 406). 

Grant introduced hydrochloric acid into a cat’s stomach and 
observed the acidity decrease, but in order to prove that the de- 
crease is dependant upon the neutralizing power of the mucus she 
collected mucus after stimulation with 1 % acetic acid or 70 % alcohol. 
This mucus was exposed to 130 mN HCl in vitro for 15 minutes. The 
acidity decrease was determined as well as the calcium uptake from 
the mucus, which always contains Ca (Grant 1941). After this period 
a fresh volume of 130 mN HCl is mixed with the same mucus and the 
procedure is repeated three times. 

The result is an acidity reduction which is most significant in the 
first, less in the second and least in the third period. The calcium up- 
take shows the same relations. Table 4 gives the data. 

Even so the neutralizing power of the mucus can be doubted. The 
calcium uptake from the mucus may be a matter of diffusion. The 
hydrogen ions could also diffuse into the mucus. 

As we know from Table 4 to what degree Ca'^'*" has diffused out 
from the mucus we can calculate the amount of H -ions, which have 
entered the mucus in the same time. The calculated acidity reduction 
is given in column 8 Table 4 and shows that the total decrease 
is almost entirely a matter of diffusion. Only the small differences 
between the observed and the calculated values may be a result of 
the bicarbonate content of the mucus. This is a quite different 
explanation than that offered by Grant. 
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Table 4. The neutralizing capacity of mucus. {Columns 1 — 7 from 
Grant {1942), columns 8 — 9 are calculated by the author.) 


Cat 
i No, 

Period 

of 

15 min 

Volume 
of 130 
mN HCl 
in contact 
with the 
mucus 
ml 

Vo- 
lume 
of the 
mucus 
ml 

Calcium 
in mucus 
mg/100 
ml 

Calcium 

uptake 

mg/lOO 

ml 

Acidity i 
reduc- 
tion ob- 
serv'ed 
mN 

• 

Acidity 
reduc- 
tion cal- 
culated 
mN 

Dif- 

ference 

mN 

2 

1 

7.0 

3.0 

6.00 


40 

33 

+ 7 







15 

14 

+ 1 






0.45 

6 I 

« 


3 

1 

7.2 

3.6 

10.10 

1.85 

46 

38 

4- 8 






1.15 

24 

1 14 







0.70 

6 

! 7 

- 1 

4 

1 

7.0 , 

5.2 

10.48 

1.60 

56 

; 38 

-f-18 






1.30 

29 

tl 24 

+ 5 






0.80 

11 

' 12 

li 

- 1 

5 

1 

7.0 

3.3 

8.75 

1.40 

37 

1 36- 

4- 1 


2 




1.15 

20 

i 

+ 4 


3 




0.80 

8 

I 6 

+ 2 

6 

1 

7.0 

4.5 

7.37 

1.65 

53 

i 46 

+ 7 


2 




1.30 

28 

1 22 

4- 6 


3 




0.60 

14 

•i 8 

+ 6 


The secretion rale of mucus. 

It would be of great interest to know how much mucus is secreted 
during an experiment. This demands a method of determining the 
mucus, but specific methods do not exist at present. Many sugges- 
tions have been made, and in the present paper four methods have 
been used. 

A) Titration curves: The main question is to what extent the 
mucus can neutralize the acid. This might be detected by making an 
ordinary titration curve of the acid-binding capacity. 

Many such curves were made on samples of gastric juice from the 
pouch dogs, but none showed any properties that could originate 
from the mucus. Every curve was perfectly flat. 

B) Calcium analyses: Grant (1941, 1942, 1944) states that the 
content of calcium should be directly proportional to the acidity 
decrease and to the amount of mucus, and therefore Ca has been 
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Table 5. Calcium in the histamine induced gastric secretion. 


Secretion 
rate 
ml/m in 

Time after 
starting the 
experiment 
hours 

Calcium con- ] 
centration 
mg/100 ml 

0.10 

OBO 

1,66 


po 

0,25 


3^60 

0.00 


£10 

0.00 


£30 

0.00 


£50 

0.00 

0.81 

Q20 

0.77 


060 

0.38 


110 

0.00 


120 

0.00 


£00 

0.00 


determined. The results from one dog are found in Table 5. There 
it may he seen that in the first few periods of 10 minutes some Ca is 
detectable but it then disappears altogether from the gastric juice. 
The mucus (as Ca) seems to have been washed out. 

C) Nitrogen analyses: Mucus is a protein-like substance and 
will thus be detectable by nitrogen analysis. These values also de- 
crease during an experiment as if a washing-out effect existed. Yet, 
nitrogen remains present during the whole experiment, and some part 
of it may originate from a protein. If all the nitrogen is considered to 
originate from proteins a rough estimate of the acid-binding capacity 
would be obtained by a titration curve of another protein mixture of a 
known strength. 

A suspension of hen’s egg-white containing 1 mg of nitrogen per ml has been 
used. The result is given in fig. 23, which shows the base-acid -binding capacity 
of 5 ml of the protein solution expressed in ml of a tenth normal (N/10) of a 
proteolyte. Comparing this with Table 6 and fig. 24 where the nitrogen content 
of the gastric secretions are plotted against the secretion rate, it is easy to under- 
stand the relatively low acid-binding capacity of the juice. 

Consequently, this mode of determination also indicates the very slight 
effect of the mucus upon the hydrochloric acid. 

D) Reduction power analyses; The mucus is considered to be 
a mucoprotein and will consequently contain a hexose group. It will 
therefore show a reduction power after hydrolysis. 
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Fig. 23. The acid-base -binding capacity of a protein solution (hens egg-white) 
containing 1 mg nitrogen per mL 
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Fig. 24. The concentration and total amount of nitrogen in relation to the secretion 

rate. 


The results are expressed in mg glucose per 100 ml juice and are 
seen in Table 7, Ihre (1938) who investigated almost pure gastric 
mucus found 191 mg/100 ml. That means that the present mucus is 
diluted > 1: 20, The volume of this mucus would then be in the order 
of 0.01 ml. 
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Table 6. The pepsin content and N-concentration in the gastric 

juice (cf.Jig. 24). 


Secretion rate 
ml/min 

Pepsin 

mg protein/ml/min 

j Nitrogen 

1 mg/ 100 ml 

0.06 


98.0 

0.16 

1.23 

30.0 

0.41 

— 

10.9 

0.79 

— 

9.8 

0.82 

1.45 

13.1 

0.85 

0.64 

7.7 

0.88 

0.47 

6.2 

I.Ol 

0.89 

9.7 

1.02 

0.73 

5.0 

1.07 

0.98 

8.8 

1.16 

0.83 

9.8 

1.19 

0.57 

5.4 

1.28 

0.78 

8.8 

1.32 

0.^1 

8.0 

1.60 

0.77 

9.1 


Table 7. The reducing power (glucose) of histamine induced gastric 

juice. 


Secretion rate 
ml/min 

j Reducing power 
mg glucose/ 100 ml 

j 

0.24 

^ 8.3 

0.33 

6.3 

0.62 

7.6 


It is the opinion of the author, that all these experiments together 
give support to the view, that the acid-binding capacity of the mucus 
after stimulation loiih histamine is of very little importance. 

The pepsin content of the histamine induced gastric juice. 

It might be of interest to know the amount of pepsin secreted by 
the present stimulation method, as a large concentration might be 
responsible for an acidity decrease. 

From the titration curves related above, we cannot expect to find 
any considerable amounts as the pepsin ought to show up in these 
experimental curves as well as the mucus. 
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Fig. 25. Relation between the secondary acidity and the secretion rate 
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excluded, and wMcli has been discussed above, may have had son 
influence. 


Table 8. Statistical data to fig. 22 and 25, 

.. rr 

Regression line: il — , 

- + 1 
V 


{R = secondary acidity, mN; Co = primary acidity {a constant), k - perme 
ability coeljicienl (a constant) and v — secretion rate, inljintn) 


1 1 

Dog S 

Dog .R 

1 Dog B ! 

1 

(n = 47) 

(n - 38) 

1 (n ~ 19) 1 

! 1 
i Go (mN) 

, 1 

lCO + 5 

i 177 + G 

i 1 

1 108+1 

( k {ml/min) 

0.08 ±0.02 

i 0.10 ±0.00 

! 0.10 + 0.02 1 

Standard error of estimate 

±19 

±21 

-+8 

(Index of correlation. 

1 0.70 ±0.08 

1 0.83 + 0.00 

1 0.98 ±0.01 ) 


(n — number of observations) 


We ought, however, to suspect that in the experiments with these 
low secretory rates the “washing out” of mucus and enzymes, which 
have collected during the hours preceeding the experiment has been 
ineffective. Therefore, in a few cases, the pouch has been washed out 
with 170 mN HCl (instead of saline) before starting the histamine in- 
jection. This different procedure gave, however, the same result in- 
dicating that all the washing fluid was poured out and no acid-binding 
capacity was left in tbe poucb to cause tbe low acidity values. This 
must therefore be a result of a very slight dilution superimposed on 
the main factor — diffusion. 


Influence of time. 

There are some special investigations, which ought to be considered. 
acidTtv ^ '' suggested that time is of no significance in the 

present exne f sowpKug is of no importance. The 

out of the pouch continuously, and therefore controls have been made 
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Fig. 26. Experiment showing the insignificance of mode of sampling on the 
acidity and the chloride^ Between 0*^® — 1^® lirs there was a continuous outflow 
from the pouch. After the collection was intermittent (10, 20, 10, 20, 30 

minutes). 

in wliich tlie juice was recorded in an intermittent way. Fig. 26 shows 
the results. The acidity values were the same after a continuous and 
an intermittent collection. Any occlusion of the pouch was of no 
importance, i. e. the time is insignificant for the acidity reduction — cf. 
Gudiksen (1943), Teorell (1947). This invalidates the objections 
by Wblin & Frisk (1936) and Babkin, Hbbb & Kreuger (1941) that 
normally there cannot be sufficient time for diffusion to occur. 

A'pparent inconsistencies of the diffusion theory. 

In some papers some inconsistencies have been remarked, that tend 
to invalidate the hypothesis of diffusion. One of these is the observa- 
tion made by Pavlov, that the acidity at the beginning of an ex- 
periment was very low and increased when the secretion rate increased. 
At the end of an experiment, however, the decrease in the secretion 
rate was not followed by a similar decrease in the acidity. In the 
present experiments the same thing has occurred. How can that 
possibly fit in Avith the diffusion theory? In fact, these circum- 
stances have been one of the things which have been most difficult 
to explain. 

The experiments with steady state values, however, made it clear 
that the relation between secretion rate and acidity is very close. 
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■^Rubbtr tube 


Fig. 27. The -position of the Pezzer catheter in the pouch. 


There must be some explanation for the inconsistency mentioned and 
it might be the following; 

The “lake”-hypothesis. Every attempt to empty completely a 
stomach or a pouch is unsuccessful. There will always be some volume 
left. This is true of present experiments too. From fig, 27 the position 
of the Pezzer catheter in the pouch is seen. In addition to the volume 
resting in crypts and elsewhere on the mucosa a kind of a '"lake” is 
formed around the catheter (see the fig.). The freshly secreted juice 
runs into this “lake” and some part of the content of the “lake” is 
drained through the tube. 

Experiments have been carried out to determine the size of this 
“lake” with phenol red (for the method see p. 18), and for one of the 
dogs the average volume determination was 4.0 ml. This very dog 
showed the typical curves of the acidity described by Pavlov as related 
above. One of them is seen in fig. 28 (curve 1). 

The “lake” causes a time lag in the sampling of the juice. If we 
know the secretion rate and the size of the “lake” and if the secreted 
volume drives the “lake” out entirely before it enters the tube, and if 
no mixing of the secreted volume and the “lake content” takes place, 
we are able to calculate this time lag. 

When the secretion rate is constant and everything else is also 
constant this time lag is of no importance. This can be shown by 
putting t = oo in eq. (34). It does not matter whether two observed 
values are coincident or not as no change occurs during the time. In 
the case of a varying secretion rate, however, as in the beginning and 
at the end of an experiment it will be most necessary to take the time 
lag into account. 

In fig. 28 the typical curve shows that the acidity does not decrease 
at the end of the experiment (curve 1), as might be expected from the 
diffusion theory (curve 2). If, however, the time lag is considered, a 
curve more like the actual one is obtained (curve 3). 
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Fig. 28. A typical experiment with a coniimious secretion. (Two secretion rates 
were established.) The acidity curve (1) did not decrease at the end of the 
experiment as expected from the diffusion theory (2). If this curve (2) is 
corrected for the effects of the ‘‘lake” (see fig. 27) one obtains the curves (3) 

or (4). (See text.) 

If in addition to the above a complete mixing occurs between the 
content in the “lake” and the secreted amount, a somewhat different 
result will occur. This offers a much more complicated problem but 
may be solved in the following way: 

Consider the secretion rate to be constant under a 2-niinutes period {v ml/ 
min); The secreted acid has a secondary acidity of mN. The “Jake” contains 
p ml and at the beginning of the period its concentration is mN. 

I) First consider the concentration changes in the “Jake”: 


increment due to secretion — 


This makes the concentration increase 

T 


dH = 





(47) 

V 


(48) 

V 

di 

(49) 

1 e 

(50) 


The solution gives 
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II) The amount of hydrochloric acid (ill m.eq.) driven through the catheter 
is calculated from 

jdM = jvHdt (51) 

"which gives 

2_v 

f{H,- H^) {I -e~n. (52) 

When the amount has been calculated according to this formula wc start 
with a new 2-minute period with a new r-value but with substituted by the 
^T-value in (50) v/hich corresponded to / = 2 min. So the calculations may 
continue for five periods. If the total amount for these ten minutes is divided 
by the total volume we get the concentration in the 10 minute sample. This 
procedure led to the construction of the curve 4 in fig. 28. This curve has been 
calculated only for the descending part of the experiment. 

In reality the postulate of “no mixing” and “complete mixing” in the “lake” 
are extremities, the truth lying somewhere in between. 

This “lake-theory” was supported by the following experiments: 
At the end of an experiment when the last sample was obtained, a 
small pipette was introduced into the pouch and brought in contact 
with the mucosa in the upper part of the pouch. A small volume of 
juice which collected in the pipette showed an acidity value which was 
considerably lower than that of the last sample obtained from the 
“lake” contents. Results like the following were obtained (the first 
number is the lasu “lake” acidity value, the one in brackets is 
the corresponding “pipette-value”): 139 (105) mN, 135 (25) mN, 
116 (58) mN. 

We have now seen that the apparent inconsistency in the acidity 
cmrve can be explained by the existence of a “diluting” volume, which 
we have called the “lake”. 

That this “lake” is insignificant in the steady state values of the 
acidity even at very low secretory rates was shown in the experiment 
related above, where a washing with 170 mN HCl instead of NaCl gave 
the same constant acidity value. 

Thus the continuous intravenous technique has undoubtedly 
shown that a definite relation exists between the secretion rate and the 
secondary acidity. 

A conclusion, that can be drawn from the above is that the diffusion 
'process takes place at the 'very spot where the acid was secreted. The 
time required for the juice to run along the mucosal surface does not in- 
fluence the resulting acidity (cf. page 61). 

6 — 48239 K. J. Obrink 
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Such a consideration is supported by an experiment, in which the 
dog was laid on its back during the experiment. In the erect position 
one part of the surface where the juice collects is formed by the head 
of the rubber tube (cf. fig. 27), where no diffusion can take place. 
When the dog is in a recumbent position, however, the “lake” will be 
in contact only with a mucous membrane. In spite of this the acidit)’’ 
was uninfluenced by the arrangement. The result was expected and 
in accordance with the diffusion theory. 

Resorption of hydrogen ions in the non-secreting pouch. 

In a whole stomach pouch of a cat Teorell (1933) found an acidity 
decrease of an instilled isotonic solution of HCl (170 mN). He ascribed 
this phenomenon to a diffusion of the hydrogen ions through the 
gastric mucosa. Ihre (1938), Elliot, Risholm & Obrink (1942) con- 
firmed his results on adults and EIaijser (1943) on children. In 
stomach pouches of dogs Boldyrepe (1934) failed to get any decrease 
in acidity of an instilled acid. He, however, used very large volumes 
(75 ml) which made the influence of the diffusion mechanism insig- 
nificant. This was also pointed out by Teorell (1935 a) (vide infra). 

The present author has made the same instillation experiments as 
Boldyreff but with much smaller volumes (10, 16 and 20 ml). In jig. 
29 a typical experiment on dog R is seen. The acidity decrease is al- 
most exponential (cf. fig. 29 a) and could be expressed 

_rt 

H = H^e r (53) 

where E = the acidity in the pouch, //q = the initial concentration 
of the instilled acid, t = time (in minutes), c = the permeability 
coefficient (ml min"^) and p = volume (ml). 

The value of - can be determined from the slope of the curve in 
V 

fig. 29 b. It is - = 0.013 min-h 

p 

By multiplying this by the average volume in the experiment (8 ml) 
one gets the permeability coefficient c = 8 x 0.013 = 0.10 ml min"h 

This may be compared with the permeability coefficient in eg. (35), 
and Table 8 dog R, which is also 0.10 ml min"h 

These findings are further support for the theory of diffusion as a 
main factor in the acidity regulatxon. 
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Fig. 29. An inMillation experiment in a cat's stomach of 170 mN HCL a) The 
experimental results, b) The logarithm of the acidity values. The slope of 
this free hand line is expressed by the “permeability coefficient” (cf. eq. 53). 


According to the formula (53) one can easily calculate what would happen 
in the above mentioned dog R if 75 ml of 170 mN HCl were introduced in the 
pouch as in Boldyreff^s experiments. (In fact such a large volume would cause 
a severe distension of the pouch.) 

After 60 minutes we should obtain 

0.10 - 00 

H =110^6 =169mN, 

i. e. the acidity decrease would scarcely be detectable and consequently the 
findings of Boldyreff do not contradict the diffusion theory. 


CHAPTER 11, 

Total Output of Hydrochloric Acid in Relation to 
the Secretion Rate. 

Theoretical considerations. 

A computation of the total amount of HCl obtained from a gastric 
pouch after histamine stimulation leads to some interesting con- 
clusions, which will be described here. 
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When the secretion is going on at a constant rate the eq. (35) is valid 

- + 1 
V 

The total amount will therefore be 


TJ ^'^0 ^ / 1 

■ + 1 
V 


1 + 


k 


which could be transformed to 

vH ~ vCo — Jc 


^0 
+ 1 


or by substituting (35) 


vH = vG^-hH 


(54) 


(55) 


(56) 


The expression uCo is the HCl secreted per minute and TcH is the 
amount of hydrogen ions diffusing out of the stomach. The difference 
{vG^~kH) '\s> the HCl actually obtained. Graphical representations of 
these functions, “HGl secreted”, “H'^ diffused" and “HGl obtained" 
are given in fig. SO. 

Putting ^ 1 in eq. (54) one can approximate 


1 


1 




(57) 


A transformation of (54) will therefore give 

vH^vGo-JcGo (58) 


The higher the secretion rate the better the approximation. For a t-valuc of 
0.10 and Cg = 170 mN the following differences between eq. (.56) and (58) in 
microequivalents/min will appear: 

V — 0.00 ml/min — difference = 17.0 [xeq./min 


V 0.10 

» 


= 8.5 

t> 

1- = 0.20 

» 

1> 

= 5.8 


V = 0.50 

1> 

» 

= 2.8 


V = 1.00 



1> 

= 1.7 

A 


When V > 0.20 the approximation will be quite iustifiable. Tiic actual ex- 
perimental values lie in general far above this limit. 



G9 



Stcret/on rote 


Pig. 30. The theoretical behaviour oj the total aruoimt of H Cl obtained in relation 
to the secretion rate* It approaches the oblique dotted lino which Ims the mathe- 
matical expression vH^CqV — kC^, (See text.) 


As vH and v are the only variables, the equation (58) is expressed 
by a straight line, where v is the independent and vH the dependent 
variable, is the differential factor for the function and hC^ is the 
intercept on the vH-axis. The v-intercept will equal k. The meaning 
of eq. (58) is explained by the fig. 30 (the oblique dotted line). 

Here we ought to eall to mind eq. (38) (page 49) 

which was valid for the case where the dij fusion through the muco%i8 membrane 
was proportional to the primary acidity itself, i. e. no mixing of the acid as secreted 
and the contents of the stomach Avas possible. Calculating the relation between 
the total amount and the secretion rate according to this formula the eq. (58) 
appears xoiihoul the use of any approximation. It Avas the finding of such a linear 
relationship betAveen the secretion fate and the output of HCl that made 
Gray, Bucher & Harman (1941) believe that the relation of acidity to secretion 
rate followed the hyperbolic curve expressed by eq. (38). (Cf. page 49.) 

Experimental data. 

The relation between the total acid output and the secretion rate 
is seen in fig, 31. (The results are obtained from dog B.) The points 
are smoothed with a straight line (freehand) corresponding to the eq. 
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Fig. 31. The tolnl amount of HCl in relation to the eecretion rate (cf. fig. 30). 
The dotted square in the lower left-hand comer is enlarged in the inset. 

(58). It is seen that the values are very well fitted by this regression 
line. Gq, i. e, the slope of the line is 170 mN and k = 0.10 ml/min. 
These values agree quite well with those given in Table 8 (page 61). 

Only for the lowest secretory rates is there a divergence between 
the points and the line, indicating that the real experimental curve 
follows the non-approximated eq. (56) instead of (58). Accordingly 
the diffusion from the stomach is proportional to the actual hydrogen ton 
concentration and not to the primary acidity. 

From this statement it follows that the extrapolation curve given by Gray, 
Bucheb & Habman (1941) for the relation between secretion rate and acidity 
(cf. p. 49) must be an approximate one, and that the experimental data are in 
better accordance wth the diffusion formula (35), page 48. 


CHAPTER 12. 

The Chloride Concentration in the Gastric Juice. 

Although the acidity has been the most favoured subject for gastnc 
research, the chloride concentration offers just as many problems 
which are unclear and baffling. A knowledge of the behaviour of the 
chloride ion would perhaps be valuable in the general .discussion o 

HCl formation. 
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When reading papers dealing with the problems involved here one 
very soon finds, that the experimental data are contradictory and 
vague. Several investigators have found a close relation between the 
acidity and the chlorides; among them Bolton & Goodhart (1931), 
Apperly & Crabtree (1931), Hollander (1932), Teorell (1933), 
Nordenfelt & Teorell (1935), Welin & Frisk (1936), Ihre (1938), 
Gray & Bucher (1941), Gray, Bucher & Harman (1941), Horst- 
MAN (1946, 1947); among those who have not Roseman (1907) and 
Berglund, Johnson & Chang (1935). 

With the technique used in this paper there is an opportunity to 
find the real correlation between the chloride concentration and the 
secretion rate. 

Analogous to the acidity determinations the chloride concentrations 
are expressed in millinormality (mN). 

The chloride concentration in the “primary secretion”. 

From the results of Linde, Teorell & Obrink (1947) it .may be 
seen that the Cl values in the “primary secretion” were as high as the 
acid concentration, and even higher. This is an indication that the 
acid was secreted as HCl even at the greatest concentrations. As 
mentioned above (see Chapter 9 page 46) the presence of the isotonic 
glycine buffer, in which the secreted juice was collected, might have 
prevented the hypertonicity of such a strong acid. This may possibly 
be the reason for the high values obtained, and because of the un- 
certainty at present it seems better to assume a constant primary 
acidity in the following (cf. page 46). 

The “'primary chloride” will therefore be considered to have a con- 
stant concentration of Cq mN (cf. page 48). 

The regulation of the chloride concentration. 

The relations between the secretion rate and the “secondary chloride” 
concentration from the present experiments are found in fig. 32 (the 
secondary acidity curve is plotted as a dotted line). 

It is at once clear that the chloride never followed the low acidity 
values, but, on the other hand, it showed a certain tendency to decKne 
when the secretion rate was decreasing. As in the case of the acidity, 
some reduction of the chloride concentration has occurred though to a 
lesser extent. 
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Fig. 32. The relation between the chloride concentration and the secretion rate. 
The experimental date are fitted with eq. (65) by trial and error. 8,,= 142 raN; 
r = 0.07 ml/min; Cg = 168 mN; k = 0.10 ml/min. (Dog B.) 


The three factors acting as acidity reducers may be discussed also 
when dealing with the chlorides: 

1. Dilution by a non-acid admixture will of course have the same 
influence on the chloride concentration as on the acidity, presuming 
that it is chloride free. However, no diluting fluid in the stomach can 
be expected to be free from chloride, and this leads us to investigate 
the possibility of dilution. 

2. “Neutralization” of chloride is not knovTi to occur in the stomach. 

3. Diffusion of chloride is very probable, though there are authors 
who deny any migration of chloride ions through the gastric mucosa — 
Gilman & Cowgill (1933). 

Dilution. 

If the main factor in the acidity reduction were an admixture with 
mucus, this should affect the chloride concentration similarly. The 
chloride content of the mucus is considered to be 95 mN — Vineberg 
(1931) — and would consequently diminish the chloride content of 
the acid. Some higher chloride values are given by Webster (1933) 
and Baxter (1934). 
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By the 'present technique it has been possible to obtain low secretion 
rates with very low acidity concentrations. In these cases the chloride 
values remained almost constant. This invalidates the theory of dilu- 
tion by mucus. According to this we should have expected values of 
about 95 — 100 mN Cl“ for a secretion rate approaching zero. Another 
diluting fluid rich in chloride would of course afford a possible ex- 
planation, but doubt has already been cast on the presence of a dilut- 
ing secretion for other reasons (cf. page 52). 

Diffusion. 

There remains diffusion to be discussed. In an instilled volume of 
HCl (170 mN) in a tied-off cat’s stomach the chloride is lowered to 
140 — 150 mN — Teorell (1933, 1939, 1940). This is also valid for 
human beings — Ihre (1938), Elliot, Risholm & Obrink (1942), 
Kaijser (1943). A diffusion of chloride through the gastric mucosa 
is also postulated by Shay, Komarow, Siplet & Eels (1946). 

The total chloride is the sum of the acid chloride (which is of the 
same magnitude as the secondary acidity) and the neutral chloride. 
The latter may be considered as sodium chloride (in reality also other 
chlorides exist (cf. Gudiksen (1943)). Sodium is proved to be dif- 
fusible through the gastric mucosa by experiments with radioactive 
sodium — Cope, Cohn & Brenizbr (1943). 


Teorell (1947) made a mathematical evaluation for the diffusion of alkali 
ions into the stomach contents. He considered the alkali ions as being mainly 
sodium ions. Denoting the steady state value to which the sodium concen- 
tration would approach in a resting stomach as and the permeability coef- 
ficient for sodium as r the following formulae were deduced (v, p and t retain 
their previous significance, cf. page 48); 

0 — Na) dt 
p + vt 



increment due to diffusion = 




decrement due to dilution — 


vdt 


p + vt 

The total concentration changes of sodium will then be 


Na 


(60) 


dNa 

dt 


SqT — (r + V) Na 


(61) 


which gives 


p + Vt 
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If j) = 0 the expression (62) is reduced to 



V 

+ 1 
r 


( 62 ) 


(63) 


which expresses a hyperbolic curve starting at for i’ = 0 and approaching 
the v-axis as its asymptote for increasing v-values. 


If we know the hydrogen as well as the sodium ion concentrations 
we can calculate the total chloride content (acid chloride + neutral 
chloride). Thus 

Cl = H + Na (64) 

or according to eqs (35) (page 48) and (63) 

Cl = =-Sl- + (65) 

V r 


This eq. represents a curve which starts at Sq for i> = 0 and ends at 
Co ioT v = oo (cf . fig. 32). Between these two extremities the course of 
the curve depends on the interrelations between Cq, Sq, Jc and r. 

The relation between chloride concentration and acidity can be calcul- 
ated from (63) and (64) 

Cl = H + — ^ (66) 

- + i 
r 


Eq. (35) (page 48) can be arranged to give 


V — 



(67) 


Substituting (67) in (66) 


ni - +r{Co-So)H + rCpSp 

(lc~r)H + rCp 


( 68 ) 


This relation is seen in fig. 33. 
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Fig. 33- The rcla(io 1 ^ the chloride cojiCDifrnfio?! and the ucidxiy. Tho 

cxpcriniontnl data arc \vilh eq- (08) by the method of least squares. 

Sq = J5J ± 7 mX; r = 0.00 ± O.OI ml/rnin; 108 mX; h ^ O.IO mi/min. 

Standard error of OHUmale (the doited lines) — i 8 mX. 

Mathematical evaluation of the experimental data: 
By usinp tlic method of least squares and / can bo determined 
in the cq, (08) if Cq and k retain their previous values found in 
chapter H. 

The statistical results are shown in the Icpcnd of fig. 33; the 
regression is represented by tlie full line and + the standard error of 
estimate by the dotted ones. 

The host fit witli cq. 05 was, however, found by trial and error. 
The regression is represented by the full line in fig. 32. 

The chloride accumulation in the stomach. 

The value of S^, 

At first sight the results seem to give a simple explanation of the 
chloride concentration in the gastric acid, but there arc some details 
that are rather questionable. 

Both in the instillation experiments — Tkouell (1933), Ihue (1938) 
Elliot, Risholsi & Obiunk (1942) — - and in the iwcsent experiments, 
the steady state value for chloride in a non-secreting stomach is about 
140 150 mN, It should be pointed out that the chloride content of 
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the blood (plasma) is only 100-110 mN (both in man and dog). On 
account of the Donnan effect a slight difference is to be expected. 

It has been suggested — Nielsen (1941)— that the ions in the 
plasma in man may have the following concentrations: 


Cations: 


AnioM: 

Mg''' + 

2.5 mN 

Protein 

20 mN 

Ca+ + 

5.0 » 

Organ. 

acids 2 » 

K+ 

5.1 » 

SO," 

1 » 

Na+ 

142.4 » 

HPO,- 

3 » 



HCO3- 

28 » 



01 - 

101 » 

Total 

155 mN 


155 mN 


Assuming all these ions except the proteins (20 mN) to be diffusible 
through the gastric mucosa and denoting the total cations B (basic 
ions) and the total diffusible anions A (acid ions) the Donnan equili- 
brium states (cf. Bladergroen (1945), p. 325): 


or 


-Bblood A stomach 


■Bgtomach A blood 


155 _ a: 
a: ~ 135 


which makes x = 145 mN. 

The diffusible anions would thus have a concentration difference 
between the gastric juice and the plasma of 145 — 135=10 mN accord- 
ing to the Donnan distribution. The individual anions would then 
have a concentration in the gastric juice that is jgf; times higher than 
in the plasma. For the chloride ions that ivould mean an increase from- 
100 — 110 to 107 — 118 mN and for the bicarbonate ions from 28 to 30 ?nN. 
The bicarbonate ions would, however, be converted to carbon dioxide 
as soon as any acid secretion started in the stomach. It has, however, 
been impossible to obtain any considerable COo production in the 
stomach — Teorell (1933) — which perhaps may indicate that the 
bicarbonate ions have never entered, the stomach cavity. The chlorides on 
the other hand have apparently accumulated in the stomach to a much 
higher concentration (ca 145 mN) than would be expected from the 
Donnan equilibrium formulae (107 — 118 mN). The following theory 
is proposed as an attempt to explain this phenomenon. 
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Theoretical. 

Davenport (1939) showed one part of the gastric mucosa to be very 
rich in carbonic anhjdra^e, which he thought to be essential for the 
acid production (for these theories cf. Davenport (1939, 1940, 1941, 
1942), Davenport & Fisher (1940) and Bull & Gray (1945)). 

In a recent paper (1946) Davenport himself, however, considers 
the carbonic anhydrase to be unimportant for the production of the 
hydrochloric acid. 

It may, however, have a definite influence on the diffusion process of 
the bicarbonate ions according to the following schematical drawdng: 


Blood : 


IVI 11 c o s a ; 


Stomach: 

HCo.r 


HC 03 “ — 

-vHCOj--!- ;H+ i H.COj 

H. 0 -f COj 


iPr-*! + |k+ j I 

carbonic anhydrase 


i Cl- i 







* Pr = Protein 


If the mucosa is supposed to have the same concentration of protein 
as the blood plasma — 20 mN — (whether or not this proposition is 
correct will have no influence on the final result) the bicarbonate 
entering the mucosa will have the same concentration on both sides 
of the boundary “blood-mucosa.” This equilibrium will be valid also 
for the Cl“ ions. 

^Vhen the bicarbonate ions arrive in the carbonic anhydrase “bar- 
rier” the following reactions may occur: 

HCO3- -l-H+^HaCOs 
HgCOg^COa + HgO. 

The CO 2 is probably very easily reabsorbed as was found by Linde 
& Teorell (1947) when they introduced NaHCOg into a secreting 
tied-off stomach. 


At pH 6.48 (the apparent” first dissociation constant = 10'"®"'^®) 50 per cent 
of the total CO 2 is present as H^CO^ -f CO^. 0\ving to the disappearance of the 
CO 2 and to the catalytic action of carbonic anhydrase the decomposition of 
jCOj and the de-ionisation of HCO~ will proceed very easily. 
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The hydrogen ions used in the de-ionisation may be taken from the 
buffer systems in the mucosa, e. g. the proteins. These are presumably 
negatively charged at the pH in question. 

In the schematical drawing the reaction between the hydrogen ion 
and the bicarbonate leaves the ions Protein~, K'*', and Cl~. and 
Protein (which is indiffusible) interact and to preserve electrical 
neutrality, Cl“ has to leave the mucosa. Thus the anion lohich entered 
the mucosa {HCO^) has been substituted by the Cl~ ion. This result is 
quite analogous to the chloride shift in the red blood corpuscles. 

At the boundary “mucosa-stomach” the following situation may 
then be expected: 


Mucosa: 


Stomach: 


Plasma: 

Bicarbonate exchange: 


cr 

no mN 

cr 

28 mN 


->cr 

118 mNv^ 

*->Cr ^148 mN 

30 mN^ 


One can imagine the chloride ions as originating from two separate 
sources. First the 110 mN from the plasma which have penetrated the 
mucosa and secondly the 28 mN from the mucosa itself which have 
been substituted for the bicarbonate ions from the plasma. 

These chloride concentrations will increase in the stomach according 
to the Donnan equihbrium. (The mucosa was supposed to have the 
same amount of indiffusible ions as the plasma — 20 mN — and the 
stomach content is considered to be practically free from proteins). 
Thus the concentration of Cl~ in the stomach would be 118 -b 30 = 
148 mN. 

The net result may be summarized as the following: 


Blood: 


Mucosa: 


Stomach: 


cr 

110 mN 

HCO3- s-HCOj" 

28 mN 28 mN 


>cr 1 

118 mN 

cr — >cr 

28 mN 30 mN . 


cr 

148 mN 


The related process makes the gastric mucosa “apparently” im- 
permeable to the bicarbonate ions. From a physical-chemical point 
of view this impermeability can only be “apparent” because a perfect 
impermeability to both the proteins (20 mN) and the bicarbonate 
ions (28 mN) would make only 155 — (20 + 28) = 107 mN anions 
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permeable. This would give a concentration in the stomach of 
1^155 X 107 = 129 mN total anions. 

This is not in accordance with the experimental data (145 mN'in 
the stomach), which suggest that only 20 mN are indiffusible (the 
proteins!). The bicarbonate ions do not give rise to any significant 
diffusion effects owing to slow diffusibility — Teorell (1935 b, 1937 d) 
— or to total indiffusibility — Donnan (1911). 

As the bicarbonate ions have no diffusion effects and do not enter 
the stomach they may have been substituted by chloride ions as 
suggested above. 

This theory has to some extent been supported by experimental 
data. 


Expermental. 

The essential part of the theory was the reaction 

■H„C 03 ;^C 02 + HoO 

which was believed to depend on the presence of carbonic anhydrase. 

As shown by Davenport (1940) this catalytic action can be in- 
hibited by thiocyanate. Doses of 50 — 200 mg NaSCN were therefore 
injected intravenously into narcotized cats, into the stomach of which 
HCl had been instilled. Fig. 34 shows such an experiment. The 
stomach was tied off and 5 ml 170 mN HCl were introduced and ex- 
amined every 15 minutes until the chloride concentration had reached 
a steady state level (about 145 mN). Then 200 mg thiocyanate were 
injected. In about 30 minutes the chloride concentration tended to 
decrease and to approach the chloride concentration in the plasma 
(109 mN). At the same time the samples began to foam. The foaming 
was shown not to depend on any increment of proteins in the 
gastric contents. 

This is in accordance with the theory. When the carbonic anhydrase 
was inhibited th'e mucosa might have become permeable towards the 
bicarbonate ions (as indicated by the dotted arrow in the first schemat- 
ical drawing) which entered the stomach yielding CO 2 on reacting witk 
the instilled HCl. As a result no chloride would substitute the bi- 
carbonate in the stomach, and the chloride concentration would 
approach the values indicated by the Donnan equilibrium (117 mN). 

In order to prove that the changes in the chloride concentration 



80 



Fig. 34. Influence of NaSGN on the chloride accumulation in the stomach. An 
instillation of 170 mN HCl in a cat’s stomach. When a steady state level of 
the chloride concentration had been reached NaSCN (200 mg) was injected 

intravenously. 

really were accompanied by changes in the diffusibility of the bi- 
carbonate ions, experiments of the follo\ving nature were performed 
{Table 9): 


Table 9. Instillation of 0.20 M glycocol in a stomach of a cat. 
A neiv 5.0 ml volume was introduced every period. {* denotes that 
200 mg NaSCN were injected intravenously at the beginning of a period.) 


Time 

Minutes 

Volun 

instilled 

le ml 

recovered 

pH 

Total 

acidity 

mN 

Total 

chloride 

mM 

Bicar- 

bonate 

mN 

0—15 

5.0 

5.0 

4.2 


39 

3.9 

15—30 

5.0 

5.0 

4.4 


33 

0.5 

30—45 

5.0 

5.0 

4.2 


30 

3.0 

45—60 

5.0 

5.0 

4.3 


33 

4.4 

60—90 

5.0 

5.1 

4.0 

14 

37 ' 

0.5 

90—105* 

i 5.0 

1 4.7 

4.3 

8 

33 

C.7 

105—120 

^ 5.0 

! 4.0 

6.7 

3 

19 

i 7.1 

120—135* 

5.0 

5.1 

7.4 

— 

21 

6.9 

135-150 

5.0 

5.2 

7.5 

— 

10 

0.5 

150— 180* 

5.0 

5.1 

7.7 

— 

25 

11.7 

180—195* 

5.0 

4.7 

7.7 

— 

! 25 

8.0 
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0.20 M glycocol solution (which does not cause any stimulation or 
inhibition of the secretion and which does not change its volume in 
a non-secreting cat’s stomach when introduced into it) was kept m 
the stomach of a cat for 15 or 30 minutes. After this time the bi- 
carbonate content was determined (for method see page 18). The 
same procedure was then repeated in the same cat after injection of 
thiocyanate. It was found that the concentration of bicarbonate 
showed a marked increase after the thiocyanate administration. At 
the same time the chloride concentration appears to have decreased. 
The differences in acidity may depend on neutralization by bicar- 
bonate after the thiocyanate administration. 

This seems to be further evidence of the correctness of the first 
part of the theory. The rest of it has, unfortunately, no experimental 
support beyond the behaviour of the chlorides. 


CHAPTER 13. 


Total Output of Chloride in Relation to the 
Secretion Rate. 

Theoretical considerations. 

According to formula (65) (page 74) 


Cl = 


_ 


+ 




f- 1 f- 1 

V r 


The total amount of Cl will then be 


^Cl= 


-t- 


vS. 


k ^ V . 

- + 1 - -f 1 

V r 


which can be transformed to 


V Cl ~vCc 


. gp 

'k , 
- + I 

V 


+ r Sn 


Sr, 


-t- 1 


and by substituting (35 and 63) (page 48 and 74) 
vCl = vCo- [kH — r (So — iVo)] 

6 — 48239 K. J. Obrink 


(69) 


(70) 


( 71 ) 
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0.0 0./ 0.2 O.J 

Fig. 35. The theoretical behaviour of the chloride ions in the stomach. The CJ- 
obtained approaches the interrupted oblique line as its asymptote. rS^ denotes 

the neutral chlorides. 


The expression vCq is the amount of chloride secreted as hydro- 
chloric acid, r {Sq — Na) is the amount that has diffused into the 
stomach as neutral chloride and kH the amount which has left the 
stomach by the diffusion of HCl. 

The difference [kH — r{So — iV^o)] is the net result of the chlorides 
that have diffused out of the stomach — see fig. 35: “Cl~ diffused.” 
In this figure v Oq is “Cl~ secreted” and the v Cl is “Cl~ obtained.” 
The line “HCl obtained [approx)” is the same as in fig. 30 (page 69). 

k T 

If - and - 1 the eg. (69) can be changed to 

V V 

(72) 

and if r 1 

vCl = vCo-(kCo-rSo) (73) 

This approximated formula differs less from (71) than did the 
corresponding acidity curve (58) from the formula calculated for it 
(56). Cf. page 68. 

As vCl and v are the only variables in (73) this equation is expressed 
by a straight line, the slope of which is the same as for (58) (tga = 
— Co)- The v ^-intersection is — [kCo — tSq) and the distance be- 
tween the approximated Cl~ and HCl curves in fig. 35 is r.Soor 
the total amount neutral chloride. 
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OlO as 1.0 t.S 


Srcrc/Zo/j ratt 

Fig. 36, Relation between the amount of chloride obtained and the secretion rate. 
The dotted square in the lower left-hand comer is enlarged in the inset. The 
oblique dotted lino is the amount HCl obtained (cf. fig. 31) and 7i denotes the 
neutral chlorides (cf. fig. 35). 


Experimental data. 

The relation between the total chloride output and the secretion 
rate is seen in fig. 36 (dog B). The experimental results are smoothed 
with a straight line (freehand) corresponding to the eq. (73). 

In the figure the approximated HCl curve is also seen. Its distance 
from the chloride curve is denoted by (neutral chloride). 

The points do not agree as well as the corresponding acidity values 
with the theoretical curve, but are sufficiently well fitted by the line 
to suggest that the theory may be correct. 

The chloride curve is analogous to that given by Gray, Bucher & 
Harman (1941). They tested their curve statistically and found that 
it had a somewhat greater angle of inclination than the HCl curve. 
From this it follows that the amount of neutral chlorides would in- 
crease with increasing secretion rates and that the concentration of 
neutral chloride would never approach zero for infinitely large secre- 
tion rates. 

The difference between their chloride curve and the author’s is 
probably not significant and may be a matter of experimental errors, 
as can be seen from their statistical values. The slopes of their chloride 
and acidity curves do not differ statistically. The present curves are 
parallel owing to the physical-chemical postulates. 
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CHAPTER 14. 

The Excretory Function of the Parietal Cells. 
Neutral Red Elimination. 

introduction. 

Smce Fuld (1908) discovered that neutral red, (N. R.), when 
poured into the main stomach of a Pavlov dog, appeared in the pouch, 
many investigations concerning the elimination of this dye (and many 
others) have appeared. — For a good review of the earlier literature 
see Kolm, Komarow & Shay (1945). In several clinical studies a 
qualitative relationship between the secretory function of HCl and the 
elimination capacity of N. R. has been found. In some cases of achylia 
the dye did not appear at all and in cases of hyperacidity the “appear- 
ance time” after an intramuscular or intravenous injection was shorter 
than normal. 

It was shown by Hamperl — see Glaessner & Wittgenstein 
(1926) — that an accumulation occurred in the parietal cells. Several 
subsequent experiments have made it appear probable that the dye is 
exclusively secreted by- the parietal cells — E1a.tsch & Kalk (1926), 
Tejima (1935), Morrison (1938), Kolm, Komarow & Shay (1945). 
Papers have appeared, however, in which a contrary opinion is 
maintained as to the place of the excretion. Ingraham and Visscher 
(1936) have shown, that all the dyes eliminated by the gastric 
mucosa are cationic, i. e. they have a basic chromophoric group. 

Besides the stomach, the kidneys and the liver participate in the 
elimination of neutral red. 

In a forthcoming paper by Hall^n (1948) some experiments are 
described which show that in total achylia (pernicious anaemia) the 
N. R. can be extracted by instillation into the stomach of 160 — 170 
mN hydrochloric acid though it is not excreted after histamine stimul- 
ation. TTat.t.^. n has also been able to show that N. R., when instilled 
into the stomach, is reabsorbed by the stomach walls. 

Quantitative estimations of the N. R. elimination are rare and give 
no definite relationship between the N. R. concentration of the gastric 
juice and the secretion rate of the. acidity, though it has been sug- 
gested that the concentration of N. R. in the juice runs parallel with 
the secretion of hydrochloric acid — Kobayashi (1926), Maruno 



85 



Fig. 37, The effect of an intramuscular injection of neutral red. Tho Becretion 
rate was induced by histamine. At 0‘® hrs the N.R. was injected. 

(1935) and Morrison (1938). Also of. Kolm, Koilarow & Shay 
(1945). 

It was therefore thought most desirable to examine the quantitative 
relationship between .t;[ie excretory and the secretory function of the 
stomach and therefore experiments with neutral red were performed 
with an improved technique. 

Experimental. 

The same dogs as in the previous chapters were used (dogs K, S and 
B). In every experiment the secretion was induced by the con- 
tinuous intravenous injection of histamine (cf. page 10). 

The neutral red was dissolved in water, 1 gram per 100 ml, filtered 
and sterilized. The final strength of this solution was 0.940 per cent. 

In a preliminary experiment the dye was injected intramuscularily 
with the result ^ven in fig. 37. After 6 minutes it appeared in the 
gastric jmce and the concentration rose very quickly to a maximal 
va ue within 20 minutes. Then it decreased again. (A slight secret- 
agogue effect could be noticed). It is quite easy to understand that 
attempts to find the possible interrelation between the secretion and 
he excretion m this way are extremely difficult. It was therefore 
necessary to ave a constant concentration of neutral red in the blood 
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during the observations. This could be obtained by injecting the dye 
intravenously at a constant continuous rate. 

The method finally adopted was the folloiving: the injection of the dye 
was started when a constant secretion rate had been obtained by 
histamine. It was found necessary to continue the injection of neutral 
red for at least three hours in order to get a constant colour of the 
juice. Only the corresponding steady state values were used when 
computing the relationship between the secretion rate and the 
excretion power. 

For the methods of analyzing the concentration of the neutral red 
in the gastric juice see page 19. 


Results. 


Constant continuous intravenous injections of N. R. with 
varying secretion rates. 


With the technique described the concentration of neutral red was 
held constant by the continuous intravenous injection during many 
experiments, but the injection rate of histamine was varied, thus 
causing varying secretion rates. A typical experiment of this kind is 
seen in fig. 38. 

The result obtained by plotting the steady state values from several 
similar experiments in a coordinate system is shown in fig. 39 (dog B). 

The concentration of N. R. in the juice teas higher the lower the secretion 
rate. The same result was obtained in all the dogs used. 

The total amount of N. R. eliminated through the pouch was calcul- 
ated by multiplying the concentration by the volume secreted and 
gave the relation to the secretion rate as shown in fig. 40. This seems 
to be an almost linear relationship, so that the total amount eliminated 
by the gastric juice increased with increasing, secretion rates. 

It might be of interest to compare the amount injected with the 
amount eliminated by the stomach. 

In the experiments described 37.6 mg/hour have been injected and 
at the highest secretion rate (1.42 ml/min) 16.67 (xg/min were elimin- 


ated (cf. fig. 40). 


This makes 


16.67 X 60 
1000 


~ 1 mg/hour eliminated. 


Considering the pouch to be about 1/4 of the entire stomach, 4 mg 
neutral red were eliminated per hour. That makes about 10 % of the 
amount injected. It ought to be remembered that the* computations 
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Fig. 38. A typical experiment with continuous intravenous injection of histamine 
and neutral red. When the secretion rate was constant the injection of N.R. 
was started. The injection of N.R. was stopped at 4^° hrs and that of histamine 

at 5^® hrs. 



S terttion rate 


Fig. 39. The relation between the concentration of N.R. in the gastric juice and 
the secretion rate. N.R. was injected at a constant rate (37.6 mg/hour). Every 
value represents a steady state level. 



Sterttion ratt 

Fig. 40.^ The relation between the total amount of N.R. eliminated by the gastric 
')mce and the secretion rate. The values are obtained from fig. 39. 
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Fig. 41. The relation between the injection of N,R, and the amount eliminated 
by the gastric juice. The secretion rate was kept constant (cf. Table 10). Eveiy 
value is obtained from a steady state level. The freehand dotted line gives an 
intercept on the ordinate which may indicate a resorption of N.R. from the 

gastric pouch. 

were made during steady state conditions, i. e. the amount eliminated 
equals the amount injected. (As 37.6 mg/hour were injected the same 
amount is considered to be eliminated.) Thus the stomach is responsible 
for at most about 10 % of the total elimination of neutral red. 

This fact may be discussed as it invalidates to some extent the suggestion 
made above that the injection rate of neutral red is directly proportional to the 
steady state value of the concentration in the blood. With an increased se- 
cretion rate the elimination vras increased (fig. 40). The theoretical basis for a 
straight line relation between the injection rate and the steady state concen- 
tration was, however, the constancy of all diffusion and elimination constants 
(cf. chapter 4 page 20). 

It is considered, however, that the changes in the elimination will only have 
a sh'ght influence on the concentration in the blood. 

Influence of the blood concentration of neutral red upon the 
elimination by the gastric mucosa. 

As is seen from the foregoing, the secretion rate has a definite in- 
fluence on the elimination capacity of N. R, by the gastric mucosa. 
In order to investigate the relation between the blood concentration 
of R elimination it is therefore essential to have a constant 
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Table 10 . The influence of different injection rate, of neutral red on the 
cUmination of the dye in the gastrU juice. All urdue, are obtamed 

from steady state levels. 


Injection rate 
of N: R. 
mg/hour 

Secretion rate 
of gastric juice 
ml/min 

Acidity 

mN 

NR in the gastric juice 1 

Concentration 
mg/100 ml 

Amount 

jig/min 

3.9 

0.67 

135 

0.18 

1.02 

13.5 

0.63 

146 

0.64 

3.38 

19.7 

0.67 

153 

0.69 

4.69 

25.7 

0.60 

161 

1.22 

7.32 

31.6 

0.66 

163 

1.48 

9.77 

32.9 

0.66 

163 

1.90 

10.36 

37.6 

0.67 

168 

1.80 

12.06 

38.5 

0.60 

159 

1.96 

11.70 


and identical secretory rate in all experiments. If a large secretion 
rate is chosen small changes will, however, have but’ a slight influence 
as seen from fig. 39. 

This was done in dog R and in these experiments the secretion 
rates varied between 0.55 — 0.67 ml/min. 

The injection rates of N. R. can be considered as proportional to the 
steady state values of the blood concentration. 

The results are shown in Table 10 and /tg. 41, where the total amount 
(fig/min) eliminated by the pouch is plotted against the injection rate 
of N. R. (= the blood concentration of N. R.). 

The points lie on a curve which, at least for the higher values of 
injection rates, seems to be a straight line. This is shown as the dotted 
line in the figure. 

It is quite clear from this curve that the rate of elimination mil be 
dependant on the concentration of the dye in the blood. This is the reason 
why the curve in fig. 37 has its particular shape after an intramuscular 
injection of N. R., as the blood concentration of N. R. probably has a 
similar time-concentration relation. 


Attempts have been made to analyze the concentration of N; R. in the blood 
but, even during the largest injection rates of N. R., no N. R. could be identified 
m the blood. Acidifying, oxidation with ceric sulphate in an acid solution, 
extraction with ether-alcohol mixtures gave all the same negative results. This 
in cate that an enormous accumulation had occurred in the gastric mucosa, 
as described by Kolm, Komasow & Shay (1946) and others. 
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Discussion. 

With the aid of the continuous intravenous injection technique, 
both the concentration of neutral red in the blood and the secretion 
rate of gastric acid were held at constant steady state levels. This 
made it possible to study the relation between the secretion rate and 
the elimination of the dye in the stomach as well as the influence of 
the blood concentration on this elimination. 

The interesting relationship between the concentration of N. R. in 
the gastric juice and the secretion rate may perhaps be explained by 
different mechanisms. 


A probable one may be that N, R. is accumulated to a high concentration in 
the mucosa cells (the parietal cells) while the intercelhdar fluid also contains 
some dye but at a significantly lower concentration. Such a difference in the 
concentration between cells and surroundings is sho\TO to exist in an aqueous 
solution of baker’s yeast — CoiiLANDER and AyrapXa (1947). The water for 
the hydrochloric acid secretion is supposed to be taken from the intercellular 
fluid thus giving a gastric secretion which is mixed up 'with the dye from the 
beginning. While passing through the intra- and/or intercellular canaliculae 
the secretion (now with a low pH) will take up more N. E. from the cells by a 
diffusion process. This diffusion may be more significant at small secretion 
rates. Thus the relation between the secretion rate and the concentration of 
N. R. in the juice ndll be that found experimentally. 

The processes can be described by the regression line 

C = (7o — (Co — ^7oc)e (74) 


which is shown in fig. 39. Here C is the concentration of N. R. in the juice; r the 
secretion rate; the constants Co and Coo the concentration in the juice at in- 
finitely small and high secretion rates; h a constant. 

This regression line is quite well fitted by the experimental data as seen in 
fig. 39. Whether or not the theoretical basis is correct the equation is a good 
expression of the relationship between the secretion rate and the concentration 
of neutral red in the gastric juice. 

It mny therefore be justifiable to use this equation in fig. 40 ns well. The 
total amount secreted will then be 


k 


vO eCp r (Cp C’oo) c *' 


(75) 


From chapter 10 the relation between the secondary acidity and the 
secretion rate is knomi to have a shape quite different from the N. R. 
concentration just described. That means that (here is no 'parallelism 
bclii'ccn the secondary acidify and (he concentration of neutral red. 
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One should keep in mind the relationship between the secretion 
rate and the primary acidity (fig. 21, page 45). The resemblance be- 
tween the two curves may or may not be determined by a common 
factor. 

The elimination depends not only on the secretion rate, but also on 
the concentration of the dye in the blood and tissue (fig. 41). It can 
be deduced from the theoretical basis given above, and it is quite pos- 
sible and plausible, that the amount eliminated may be directly pro- 
portional to the blood and tissue concentration of the dye. This 
would give a straight line relation passing through the origin. 

Any deviation from such an expected curve that may be shown by 
the experimental data in fig. 41 might be a result of back diffusion of 
neutral red through the gastric mucosa. This would be in accordance 
with the results obtained by Hallen (1948). 

The ‘practical consequences of the above may be that the clinical use 
of neutral red is limited to qualitative experiments based on appearance 
or absence or on an “appearance time” of the dye, unless a laborious 
method like the present one is used. 

Conclusions: The elimination of neutral red was found to be 
dependant on both the secretion rate and the concentration of the dye 
in the blood. The secondary acidity does not run parallel with the 
concentration of neutral red in the gastric juice. 

Intramuscular (or massive intravenous) injections do not afford 
any possibility of investigating the correlations between the elimin- 
ation and any properties of the parietal secretion. 

The eliminated dye is supposed to come both from the intercellular 
fluid in the course of the process of secretion of HCl and from the 

cells — which are supposed to accumulate the dye — by a diffusion 
process. 
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CHAPTER 16. 

Influence of Enterogastrone on the Parietal 

Secretion. 

Historical. 

Since more than fifty years many authors have reported that fat 
given to an animal depressed the secretion of gastric acid — Ewald & 
Boas (1886), Chischin (1894), Wibschubski (1900), Fermi (1901), 
Walko (1903), Kasai^ki (1903), Fat was abo used against hj^er- 
acidity and ulcers — Cohnheim (1904), Ebstein (1904). 

, SzoKOLOW (1904) separating the duodenum from the stomach in a 
dog, found that it was only the presence of fat in the duodenum which 
suppressed the secretion of HCl in the stomach. The effect was not 
abolished by vagotomy — Lim, Ivy & McCarthy (1925) — and was 
found even in a completely denervated gastric pouch — Feng, Hou & 
Lim (1929). 

On the basis of these experiments it has been suggested that the 
presence of fat in the duodenum causes it to secrete an active principle 
which has the effect of diminishing gastric secretion, Kosaka & Lim 
(1930) suggested the name enterogastrone for this active principle, 
which could be extracted from the mucosa of the small intestine. 

Important papers concerning enterogastrone have appeared by Ivy 
and his co-workers. Gray, Bradley & Ivy (1937) developed a method 
of assay for a purified enterogastrone preparation. Hands, Green- 
GARD, Preston, FAyLEY & Ivy (1942) discovered that enterogastrone 
'prevented experimented jejunal ulcers in dogs. This stimulated further 
work in this field — Hands, Greengard, Fauley &. Ivy (1943), 
Grossman, Greengard, Dutton & Woolley (1944), Ivy (1944), 
•Grossman & Ivy (1946). Also cf. the paper about pepsin secretion 
and enterogastrone by Grossman, Greengard, Woolley & Ivy 
(1944). 

Enterogastrone preparations have also been used in the treatment 
of ulcers in man with good results by Greengard, Atkinson, Gross- 
man & Ivy (1946). 

The chemical properties of purified enterogastrone. 

Obrink (1947 a) found that the active principle in enterogastrone pre- 
parations has no or at least a very slight electrophoretic mobility between 
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-dH 2.06 and 7.42. Winberg (1947) reported that the active prm p 
ia the same preparation was easy to dialyse through a cellop a 
membrane. He made use of this property and purified the prepara- 
tion by dialysis. In the dialysate a very active concentrate was re- 

This dialyzed enterogastrone could not be inactivated by the action 
of pepsin or trypsin — Winberg & Obrink (1948) — which led to the 
conclusion that it is pTobably not a protein. However, the nitrogen 
content is 15 %, which makes these results unexpected or may in- 
dicate that the preparation is still very impure. Nevertheless its 
biological activity is extremely high. 


The physiological properties of enterogastrone. 

Several experiments have been performed on the dogs using this 
enterogastrone preparation (Eg)^. In this paper the main question is 
in what sense it has any influence on the parietal secretion. Besides 
this there is, however, one interesting thing which ought to be reported 
here in a preliminary way. 

In most experiments the Eg was injected intravenously in a massive dose. 

50 mg were enough to give the following symptoms; 

If the injection is made too rapidly (e. g. in about 30 seconds) the dogs become 
'wncmscions and develop convnlsicms^ This attack starts in about one minute 
after the beginning of the injection and lasts for about five minutes. After- 
wards the dog is rather tired. During the attack the bladder is emptied and 
defaecation sometimes occurs. 

If, at the start of the attack or during it, some nils of a 5 % glucose solution 
is injected intravenously the dog's recovery is immediate and complete. 

There are many experiments which will have been carried out in this field 
before any conclusions can he drawn,; but the phenomenon seems suffieicntly 
interesting to deserve this prehminary report. 

The influence of Eg on the parietal secretion. 

lu chapter 6 it -was shown that there was a close relation be- 
tween stimulus and secretion. When an inhibitory (or a stimulat- 
ing) substance is to be tested on the dog with a pouch it is essential 
to stimulate the mucosa submaximally. This was pointed out by 

D. wikberg, a. B. Astra, scde. 
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Obrink (1946), and is easily understood from fig. 14 (page 33). When 
the secretion rate is maximal, a stimulating agent may have no in- 
fluence and the same may be true for inhibiting substances. It is 
therefore necessary to have a secretion which corresponds to the 
ascending part of fig. 14. In the present enterogastrone experiments 
this point has been under complete control. 

As enterogastrone may be a substance which acts in the physio- 
logical regulation of the parietal secretion, a thorough investigation 
of its role seems justifiable. 

The questions arising are: 

What is the influence of enterogastrone on 

1. the histamine concentration in the plasma, 

2. the secretion rate in histamine-induced gastric secretion, 

3. the acidity of this secretion, 

4. the chloride concentration in it, 

5. the 'permeability properties of the gastric mucosa and 

6. the neutral red excretion by the parietal cells? 

1. Influence on histamine coiicentration in the plasma. 

From chapter 4 the relations between the injection rate of hist- 
amine and the plasma concentration are known. In chapter 6 page 
30 this knowledge is used to obtain the relation between the concen- 
tration of histamine in plasma and the secretion rate. 

By using Eg we have the possibility of depressing the gastric secre- 
tion, and the question now is whether or not this depression is de- 
pendant on a decrease in the concentration of histamine (histaminase 
effect). 

In Table 11 this question is answered. When the histamine injection 
had resulted in a constant secretion rate, 50 mg Eg-preparation were 
given intravenously in about lo seconds. (The attack described above 
occurred.) The secretion decreased and disappeared in spite of the 
continued histamine stimulation. The histamine analyses in plasma 
samples before and after the Eg injection showed no significant dif- 
ference. (Because of shortness of material only one experiment could 
be made. Also cf. the error of the method of analyzing for histamine, 
page 16). 

It may be stated that enterogastrone probably does not inhibit the gastric 
secretion by destroying the histamine in the blood. 
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Table 11. The effect of enterogaslrone on the secretion rate and the 
plasma concentration of histamine. 


Injection 

rate of histamine 
mg/hour 

Secretion 

rate 

mJ/min 

Histamine in 
plasma 
|Xg/lOO ml 

Before enterogastrone injection 

L8 

0.62 

9.9 

After enterogastrone injection 

1.8 

0.03 

9.0 


2. Influence on the histamime-induced gastric secretion rate. 

As seen above tbe injection of Eg results in a decrease in tbe gastric 
secretion rate. This is also seen from fig. 42 and 44. 

The present author has never observed a refractory state of the 
dogs towards enterogastrone such as was reported by Gray & Wie- 
czoRowsKi (1939) and by Friedman &Sandweiss (1946) when they 
tested the gastric depressant in urine, urogasirone. 

The effect has appeared at different times after the injection from 
a few minutes to 45 minutes. The longest time lag (45 minutes) was 
obtained with the most active preparations obtained from dialysates, 
but the significance of the time lag is quite unknown. 

The effect has m many cases amounted to an absolute abolition of 

the secretion (as seen in fig. 42), and the effect has lasted from 3— 7 
nours. 

In forthcoming experiments the correlation between the inhibitory 
effect and the dose of enterogastrone will be studied. 


3. Influence on the acidity of the gastric secretion. 

In fag. 42 a typical experiment with an effective enterogastrone 
behaviour of the acidity. 

consicteaUe “‘f ^ =bows a 

impossibility of emptyioa depend on the 

formation of a “lake’^rouod ’““''completely, and the resulting 

described in chapter 10 page 63." 

containing 4 ml such as has been found in the experiments 
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Fig. 42. The ejfect oj enterogaslrone (Eg) on the gastric secretion. 


described on page 63, would explain the behaviour of the acidity- 
curve. 

It is most likely that all changes in the acidity are due to changes 
in the secretion rate, and that there is no specific action by entero- 
gastrone on the acidity. 

4:. Influence on the chloride concentration of the gastric secretion. 

As we know the relation between the chloride concentration and the 
secretion rate, we do not expect to find any considerable changes in 
the chlorides after the administration of Eg, provided that this has no 
specific action on the kinetics of the chloride secretion. 

Fig. 42 shows that no such action is obtained. Therefore enter o- 
gastrone has no direct influence on the chloride concentration m the 

gastric juice. 

5. Influence on the permeability properties of the gastric mucosa. 

The decrease in acidity following the instillation of-HCl has already 
been described (page 66). This reduction in acidity is supposed to be 
caused by an interchange of sodium and hydrogen ions across a dif- 
fusion membrane, chloride ions being the main anions on both sides 
of this membrane. It is of interest in the present connection to see 
whether this process is affected by enterogastronc. 

Such instillation experiments have been performed on cats. Fig. 4S 
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Pig. 43. The acidity reduction of an inctillcd volume HOI before and after ad* 
ministration of enterogastrone, 

shows that the course of the curves is in agreement with normal in- 
stillation experiments, indicating that enierogastrone seems to have no 
influence on the permeability of the gastric mucosa toward hydrochloric 
acid. 

6, Influence on the neutral red excretion hy the gastric mucosa. 

In chapter 14 page 84ff . the relation between the excretion of neutral 
red (N. R.) aud the secretion rate was considered. If the concentration 
of the dye was held at a constant level in the blood plasma by a colitinuous 
intravenous injection, the excretion of the dye was dependent on the 
rate of secretion as shown by fig. 39, page 87. The lower the secretion 
rate the higher the concentration of neutral red in the gastric juice. 

lu fig. 44 the influence of enterogastrone on this special property of 
the parietal cells is considered. The histamine injection is started at 
0 hours. "Wh^n the secretion rate has become constant the injection, 
of neutral red is begun (2®® hrs). When the colour of the secreted juice 
seems to be constant, enterogastrone is administered intravenously 
( 42 ® hrs) and secretory inhibition results. The injection of N. R. is 
stopped at 6®® hrs and that of histamine at G*® hrs. 

After the admimstration of enterogastrone the secretory rate 
ecreases to about 60 %, The N. R. concentration increases from 4 
7 —48239 K. J. Obrinh 
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Fig. 44. The influcjice of enicrogastronc on neutral red excretion. At 2®® injection 
of N.R. is started, at Eg is injected, at 5®® and 6^® the injections of neutral 
red and histamine respectively are ended. 


to 7 mg/100 ml after a time lag whicli may be explained by the 
■‘lake” (page 63). This increase in the dye concentration is, however, 
expected from fig. 39 page 87. 

It is therefore most probable that enterogastrone has no specific in- 
fluence on the excretory function of the parietal cells. 

Conclusions: — The above observations have shown that entero- 
gastrone only affects the volume of secretion produced by the parietal 
cells. This effect is probably not due to any histaininase effect of 
enterogastrone. 

No specific action on the acidity, chloride concentration or e.v- 
cretory function could be found after enterogastrone administration, 
nor did the permeability of the mucosa show any changes in respect 
to hydrochloric acid. 

General Summary. 

The Purpose of the Present Investigation. 

The intention was to study the parietal cell secretion in the stomach 
from a kinetic point of view. Ciiaptkr 1 (page 7). 

Procedure. 

The investigations were carried out on Heidenhain dogs and, in 
some experiments, on cats. 
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Histamine was used as a stimulating agent and was given by con- 
tinuous intravenous injection using a specially constructed injection 
apparatus which is described. 

An improved technique for collecting the gastric juice was used. 
Chapter 2 (page 8). 


Methods of Analysis. 

All the methods employed for the analyses are described. They 
include the determinations of pH, acidity, chloride, pepsin, nitrogen, 
reducing power, calcium, bicarbonate, phenol red and neutral red in 
the gastric contents and of histamine in the plasma. Chapter 8 
(page 14). 

The Histamine Distribution in the Body. 

The kinetics of the distribution of a drug administered to the body 
by means of a subcutaneous or continuous intravenous injection 
were discussed on the basis of theoretical considerations. 

Experiments showed that — in agreement with the theoretical con- 
siderations — the histamine concentration in plasma was proportional 
to the injection rate of histamine. Chapter 4 (page 19). 


Time-secretion Relation after Continuous Intravenous Infection of 
Histamine. 

The secretion could be held at a constant rate by the stimulation 
technique employed. Any changes in the injection rate were followed 
by sunilar changes in the secretion rate. Under special conditions an 
apparent independence between stimulus and secretion could be ob- 
tained. Chapter 5 (page 26) 


Relation between Histamine Concentration and Rate of Secretion. Con- 
centration-action Curves. 

It was suggested that the relation between the injection rate of 

histamine (r) and the secretion rate (u) could be described by the 
expression 

V = a(l — e~\ 

where a = the maximal secretion rate; k = constant. 

e concentration-action curve was treated according to the method 
given by Gaddum. Chapter 6 (page 30). 

7 * — 48239 
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The Secretion of Gastric Juice after Subcutaneous Injections of 
Histamine. 

The relation between the dose of histamine and the time-secretion 
curve was discussed. A close relation to the maximal secretion rate 
or to the total amount secreted was found only when small doses 
of histamine were used. 

The. “continuous histamine test,” i. e. frequently repeated sub- 
cutaneous injections of histamine, was discussed. Chapter 7 (page 37). 

The Minimal Effective Dose of Histamine Producing Gastric Acid. 

It was suggested that there exists no threshold value for the action 
of histamine in stimulating the gastric secretion. Chapter 8 (page 41). 

On the Primary Acidity. 

Reference was made to a recent investigation which suggested 
the possibility that the primary acidity increased with decreasing 
secretory rates. Chapter 9 (page 43). 

Regulation of the Acidity. 

Three possibilities of explaining the acidity regulation were dis- 
cussed: dilution, neutralization and diffusion. 

The experimental data indicated that in a Heidenhain pouch 
stimulated with histamine, the acidity regulation was mainly due to 
diffusion processes according to the “diffusion theory.” 

Some inconsistencies of the theory were explained by tlie fact that 
the gastric pouch could never be completely emptied but contained 
a remaining volume, which was thought to interfere 'witli the relation 
between the acidity and the secretion rate. Chapter 10 (page 46). 

Total Output of Hydrochloric Acid in Relation to the Secretion Rate. 

A simple relation between the secretion rate and the total output 
of HCl was found both theoretically and experimentally. The relation 
was considered to be a net result of secretion and diffusion. Chap- 
ter 11 (page 67). 

The Chloride Concentration in the Gastric Juice. 

The concentration of chloride in the gastric juice was found to be 
in accordance with the diffusion theorj. 

The chloride accumulation in the stomach was discussed and a new 
theory was proposed as an attemi)t to explain the phenomenon. The 
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theory assumed that bicarbonate ions of the plasma were “indiffusible 
through the gastric mucosa due to the presence of carbonic anhydrase. 
In the mucosa the bicarbonate ions were substituted by chloride ions 
which entered the stomach. — Some experiments with sodium thio- 
cyanate seemed to support the theory. Chapter 12 (page 70). 

Total Output of Chloride in Relation to the Secretion Rate. 

A simple relation between the secretion rate and the total amount 
of Cr was foxind theoretically and experimentally on the basis of the 
“diffusion theory.” Chapter 13 (page 81). 

The Excretory Function of the Parietal Cells. Neutral Red Elimination. 

It was considered that continuous intravenous injection of neutral 
red would maintain the concentration of the dye in the blood at 
a constant level. Under such conditions the relation between the 
secretion rate and the neutral red concentration in the gastric juice 
was observed. The lower the secretion rate the liigher the con- 
centration of the dye in the gastric juice. 

With the same technique the relation between the blood con- 
centration of neutral red and the elimination was also studied. 
The resulting curves indicated that reabsorption of the dye i>ossibly 
occurred. The results wmre discussed. Chapter 14 (page 84). 

Influence of Enierogastrone on the Parietal Secretion. 

An active enterogastrone preparation was found to influence the 
secretion rate alone and had no specific action on the acidity, chloride 
concentration or neutral red elimination. The depressing effect on 
the secretion rate was probably not due to any histaminase effect 
of the enterogastrone. Chapter 15 (page 92). 
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“EnzTiDo chomistry has proved itself re- 
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in transforming our approach from pro descrip- 
tion of the phenomena of the living cell into 
scientific analysis.” 

DA^^D 'NAcnMAVsonN 
in “Currents in Biochemical Research” 
( 1946 ) 


GENERAL, INTRODUCTION 

Cholinesterase — sometimes named acetylclioline esterase — is 
tlie enzyme whicli catalyses the hydrolysis of the acetic-acid ester 
of choline, the physiologically important acetylcholine. Thus the 
enzyme catalyses the reaction: 

rCHaO-COCHsl + r CH.OH 

1 + HOH-v 1 

CHa— N(CH3)3 J [CH.— N(CH3)3 

The decrease of free energy in this process is great and the reaction 
is essentially irreversible. The resynthesis of acetylcholine in the 
organism is most probably not catalysed by cholinesterase; in this 
reaction another enzyme, choline acetylase, takes part. 

An. enzyme, •which hydrolyses only choline esters, is a specific 
cholinesterase and such an enzyme has been proved to exist in 
the animal organism. The physiological substrate of this specific 
cholinesterase is acetylcholine which is the only choline ester 
chemically identifiable in animal tissues. Non-specific cholinester- 
ases can hydrolyse other esters in addition to choline esters, but 
the latter are split at the highest rate. Proofs have been offered 
that at least one such non-specific cholinesterase occurs in the 
animal organism. The physiological function of this type of cholin- 
esterase, however, is more obscure, and the substrate not known. 
Generally, both types of cholinesterase split acetylcholine at 
higher rates than other choline esters. Also other properties, not 
found with ordinary esterases, are common to the two types of 
cholinesterases. For instance, both these enzymes are inhibited 
by very small amounts of physostigmine, so that it is justifiable 
to separate them from other esterases. Unspecified esterases may 
sp it all sorts of esters at the same rate or even at higher rates 
than acetylcholine and other choline esters. 

The choHnesterases belong to a group of esterases called azol- 
es erases (Glick, 1942) which hydrolyse nitrogen-alcohol esters, 
er examples of enzymes belonging to this group are morphine 
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esterase, the tropine esterases, and procaine esterase. As cholin- 
esterase, they are present in serum, and, most probably, they are 
not identical with the serum cholinesterase. 

General reviews of cholinesterase have been reported by, 
amongst others, Ammon (1935, 1940), Hanske (1941), Glick 
(1941 a), and Werle (1943). A voluminous literature has appeared 
on the various aspects of cholinesterase, most of these articles 
dealing with the physiological significance of the enzyme. Much 
literature has appeared on cholinesterase in vertebrate as well 
as invertebrate animals, in normal as well as in pathological states. 
The enzyme has also been studied chemically and this aspect 
has evoked particular interest in late years. The present investiga- 
tion is intended to add to our knowledge of the chemistry and 
especially the specificity of cholinesterase activity. 

It will be noted that the interest in cholinesterase is based upon 
its physiological significance and the chemical properties of the 
enzyme are intimately connected with its physiological functions. 
It appears desirable therefore to. open th'e following discussion on 
the chemistry of cholinesterase with a short review of its physiolog- 
ical significance (Chapter I), including data about its distribution 
in various animal tissues. This is followed by a summary of the 
previous literature on the chemistry of cholinesterase (Chapter 
II). Part II deals with the methods (Chapter III) and materials 
(Chapter IV) used in the investigations, the results of which are 
described in Part III. After the discussion of the non-enzymic 
hydrolysis of the various substrates used (Chapter V) a detailed 
account is given of the cholinesterase activities of various tissues 
compared with other esterase activities (Chapter VI). Chapter 
VII involves a comparative study of the kinetics of the enzymic 
hydrolysis of choline esters and is followed by a discussion on the 
relationship between reaction rate and enzyme concentration 
(Chapter VIII). A detailed study of the activity-substrate con- 
centration relationships of various cholinesterase-substrate sys- 
tems is presented in Chapter IX, as is also the influence of various 
substances on those relationships. Chapter X discusses the effect 
of choline on the cholinesterase activity under various circum- 
stances. The influences of some further compounds on the enzyme 
activity are reported in Chapter XI whilst the hydrolysis of 
mixtures of substrates are studied in Chapter XII. In conclusion, 
the paper ends with a Discussion (Chapter XIII) and a General 
Summary. 



PART I 


Chapter I 

THE PHYSIOLOGICAL SIGNIEICAHCB OE 
CHOLINBSTEEASE 

Ch-oUnesterase (ChE) and its substrate acetylcholine (ACh) bold 
an important position in the physiology of the nervous system. They 
are essential to the metabolism of all nerve cells and in addition, 
the ChE system is said to be an integral part of the mechanism respon- 
sible for the development and propagation of the action potential. 

A. The Acetylcholine-Cholinesterase System and 
THE Transmission op Nerve Impulses 

The interest in acetylchobne lies in the characteristic effect of 
that substance on the organism. ACh produces a response in effector 
cells similar to that obtained by the stimulation of so-called cholin- 
ergic nerves (p. 4). 

For many years following tlio synthesis of ACh in 1867 hy Ba^eyer, the interest 
in this substance was purely a chemical one. The pharmacological properties of 
ACh were examined in more detail by Dale (1914) who also observed the evan- 
escence of the effect which is characteristic of all actions of ACh: “. . . it seems 
not improbable that an esterase contributes to the removal of the active ester 
from circulation, and the restoration of the original condition of sensitiveness”. 

The responses to ACh in the organism are very transient, due 
mainly to the enzymic hydrolysis of the substance to acetic acid 
and choline whose pharmacological effect is 100 000 times less than 
its acetyl derivate. This hydrolysis is caused by the enzyme cholin- 
esterase. The enzymic action is selectively inhibited by small doses 
of physostigmine. A dorsal muscle of the leach treated -with physo- 
stigmine contracts powerfully in the presence of minute traces of 
ACh (1 : 10°). This is the usual test for detection of ACh (Minz, 1932). 

ACh on the heart is particularly charactoristio producing the 
same effects as stimulation of the vagal fibres. It was research along these lines 
that eatebushed the first real proof of the chemical mediation of nerve impulses 
and laid the foundation for the hypothesis of “nourohumoralism". This hypo- 
thesis postulates that nerves act by liberating from their terminals chemical 
substances and m this way transmit the nerve impulse to their effector organs. 

review of this hypothesis is to be found in a lecture by Otto Loewi 
(1945), the discoverer of the “Vagusstoff”. 

first to establish the “humoral” transmission of nervous action. 

his he did m 1921 in a decisive manner by simply hut quite convincing experi- 
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ments. When stimulating the vagus nerve of a frog’s heart perfused with Bingee’s 
solution and allowing the perfusion fluid to pass into a second heart, a substance 
was noted to be liberated from the first heart which slowed the rate of the second 
one as if the vagus to this one were stimulated. This mediating substance was 
called “Vagusstoff” and subsequently Loewi and I^aveatil (1926) assumed it 
to be identical with acetylcholine. Loewi also detected an “Acceleransstoff” 
similar to adrenaline which wa's'lib^erated in the perfusion fluid when the accelerator 
nerve was stimulated. 

Subsequent elaboration of Loewi’s hypothesis has established the identity 
of the parasympathetic mediator as acetylcholine. Moreover, ACh has been 
shown to play a far more important role than the mediator of impulses for post- 
ganglionic parasympathetic nerves. Thus all autonomic preganglionic nerve 
impulses, whether parasympathetic or sympathetic, are accomplished by the 
release of ACh at the ganglionic synapses. ACh is also the mediator of nerve im- 
pulses which cause the secretion of adrenaline from the cells of the adrenal me- 
dulla, sweating, and vasodilatation. 

The fact that the anatomical classification of the autonomic nervous system 
into sympathetic and parasympathetic divisions does not coincide with their 
physiological functions caused Dale to propose a new subdivision of the auto- 
nomic system into adrenergic and cholinergic systems. Adrenergic nerves include 
all fibres whose impulses act through the release of an adrenaline-like substance 
(sympathin) and consist of postganglionic sympathetic nerves. All other autonomic 
nerves are cholinergic, the impulses of which act through the release of ACh. 

Since evidence was presented that ACh might mediate the nerve impulses 
from motor nerves to striated muscles or from neurone to neurone in ganglia, 
many neurophysiologists have been inclined to believe that the same mechanism 
predominates in the central nervous 'system for synaptic transmission. Particularly 
interesting in regard to this complex problem are the investigations of Naoh- 
HAESOHE and his co-workers (1939 — 1947) on the ChE activity in the central 
nervous system (p, 9). These and other researches have pointed to the possibility 
of chemical mediation in central synaptic transmission. 

CJhE hydrolyses ACh and this is most probably the role that it 
plays in the organism. Thus ChE is said to destroy ACh immediately 
after transmission has occurred and within the refractory period 
of the muscle or ganglion cells. High concentrations of ChE are present 
at motor end-plates, at all ganglionic synapses, and at all synapses 
of the central nervous system (cf. Armstrong, 1945). The distri- 
bution of the enzyme is discussed more fully below (p. 6). 

The antagonists of the hypothesis of chemical transmission of nerve impulses 
axe the electrobiologists who postulate an exclusively electrical mechanism for the 
transmission; chemicals liberated are thought to act as regulators only. Eccles, 
Lobentb de K6 and others have doubted that sufficient quantities of ChE were 
produced in the required time, T.e., the -refractory period, to destroy the ACh 
liberated (see p. 8). It is difficult to believe, however, that the liberation of ACh 
by nerve impulses which has been proved beyond dispute and the relatively high 
concentration of ChE at the precise place where it can play an essential role in 
such a chemical mechanism, are purely incidental and without physiological 

significance. , , , 

In 1937, voK Mtoaet suggested that ACh is liberated m the axon as well as 
at the nerve ending and he was able to demonstrate that this liberation occurs 
only during excitation. ACh is considered as an “Aktionssubstanz” or a compound 
connected with nervous activity. This proposal of VON Mubaet has been elaborated 
and extended by NAcrotAESOHN (review: Naohmaesohe, 1943, 1945, 1946, 1947; 
Naohmaesohe & Botheeberg, 1946; Eultoe & aohmaesohe, 1943; Euetoe, 
1945). He proposed this new concept of the role of ACh as a compromise between 
the opposing chemical and electrical schools of thought. It is based mainly on the 
results obtained from investigating the enzyme ChE, that is, the extremely active 
enzyme system required for a rapid inactivation of free ACh (cf. Haohmaesohe, 
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1940 d- Bullock, NAomiAKSOHN & Bothenbeeg, 1946; Bullock, Grunditest, 
NAcm^soHK & Eothenbebq, 1947; Grundfest, Nacibiaksohn & Eothen- 
BERG, 1947). Doubt, criticism, and frank disagreement have been levelled at 
Nachmansohk’s hypothesis, but this paper is not the place to discuss them. 

Gesell and Hakseh (1945) based a humoro-electrotonic hypothesis on the 
eleotrogenic action of AGh at the site of its liberation, and they eonsidcred the 
inhibiting effect of physiological increase in cH on ChE an important mechanism 
for regulating the activity of nerves. Carbon dioxide is said to stimdato the 
neuron by decreasing the rate of destruction of ACh by ChE, and thus indirectly 
increasing the electrotonic current. 

It is not yet certain -whether substances other than ACh take part in cholinergic 
transmission. Kuhn, Wielanb and Huebschmann (1939) have assumed that 
aneurine in the form of its acetyl ester might be a mediator of nerve impulses. 
Acetylaneurine is enzymically split by the ACh-hydrolysing enzymes of brain 
(Massart & Dufait, 1939 b) and of blood serum (Augustinsson, 1944); this 
hydrolysis -will be discussed more fully in Part III of this paper. Previously, 
VON Muealt and his co--workers (revie-w: von IMuralt, 1945) designated an active 
form of aneurine (not acetylaneurine) as the second action substance (“zweiter 
Vagusstoff”) in cholinergic nerves besides ACh. Additional action-substances have 
also been isolated by these authors -whilst other authors, have assumed that hista- 
mine plays a role as a chemical mediator. Moreover, thyramine has been suggested 
a chemical excitator in some lo-w animal species (see SIoore, 1947). 


B. Other Choline Derivatives and Their Pharmacological 

Properties 

Several choline derivatives (almost 300) have been synthesised 
in an attempt to find the basis for the susceptibility of ChE to 
hydrolytic destruction. The esters of choline are usually enzymically 
hydrolysed by blood and tissues. The ethers of choline are not af- 
fected by ChE. Betaine is practically inert as regards its pharma- 
cological actions. More details about the enzymic destruction of 
choline derivatives are given in Chapter II (p. 16). Acetyl-/3-methyl- 
choHne and carbaminoylcholine are alone satisfactory for clinical use. 

The pharmacological properties of acetyl- fi-mcthylclioUne (called mecholyl in 
the form of its chloride) are qualitatively similar to those of ACh. The former 
drug is less readily split by ChE (Part HI), which explains the longer duration 
of its action. Garbaminoylclioline (used in the form of its cliloride under the names 
of doryl and lentin) is much more stable in body fluids than ACh and mecholyl; 
it is not destroyed by ChE (see Part III) and its action is neither intensified nor 
prolonged by physostigmine or prostigmine. 


C. Cholinesterase 

1. Historical Note 

Dale, as early as 1914, suggested that an enzyme was present in the blood 
which brought about the destruction of ACh. In 1925, Abderhal-den and Paff- 
ATH pomted to the existence of such an enzyme in the small intestine of horse 
and pig. Loewi and Navratil demonstrated in 1926 the existence of an enzyme 

muscle which inactivated the “Vagusstfe”. 
hydrolysis of an unstable choline ester 

pf nl great ACli-liydrolysing effect of blood and PLiVTTKER 

• V ) ^ ained this inactivating effect of the blood as a non-specific surface 
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•catalysis by the erythrocytes. Ci.abe (1927) confirmed the conclusion of Loewi 
and Naveatil that the destruction of ACh by heart tissue is due to an enzyme. 
EnqeIiHART and Loewi (1930) explained the action of blood on ACh by suggesting 
the existence of an esterase which was completely inhibited by minute amounts 
of physostigmine, whilst Matthes (1930) showed that the conditions for the 
inactivation of ACh were consistent with the action of an esterase. Elattner 
and Hintner (1930) Were the first to show that the enzyme is present in nearly 
all animal tissues. In 1932 Stedmah, Stedman and Easson prepared from horse 
serum an enzyme which was considered to be a specific esterase for ACh; this they 
called cJioline~esierasp}_. as it was shown to be capable of splitting other choline 
esters. Stedmait, Stedman and White (1933) compared the ChE activities of the 
bloody sera from various species. Later investigations, however, do not support 
the view that the enzyme prepared by Stedmak et al. was really a specific ChE, 
a fact which will be discussed more fuUy below (p. 18). 


2. Distribution of Cholinesterase 

The distribution of ChE has been studied in considerable detail in 
connection with the physiological significance of the ACh-ChE- 
system. ChE has been found in almost all multicellular animals, it 
was present in all vertebrates and in most invertebrates investigated. 
In the plant kingdom, on the other hand, the enzyme has not yet 
been found (as regards fungi, see Oury & Bacq, 1938). 

A summary of the distribution of ChE in different tissues is given 
below, vertebrate tissues being discussed first. 

a) Blood. Previous investigations about the distribution of ChE 
in the blood of vertebrates have given the following results. The en- 
zyme concentration is the same in the venous and arterial blood 
(Mahal, 1938). Serum and oxalate plasma have the same activity. 
The leucocytes do not split ACh, which is hydrolysed at the same 
rate by reduced and oxidised erythrocytes (Eegler, Kowarzyk & 
SzpuNAR, 1937). Stedmah, Stedman and White (1933) could not 
detect any activity at all in serum obtained from ox, frog, rabbit, 
or rat, but as was shown at first by Plattner et al. (1928) whole 
blood from these species did have ChE activity. In man, ox, sheep, 
goat, and rabbit, the blood cells contain more ChE than serum or 
plasma. In horse, dog, cat, duck, and fowl, the distribution is reversed. 
The high ChE activity of horse serum in contrast to that of ox serum 
has been used by Vincent and Broca (1946) to differentiate the 
two sera from each other. Whole and haemolysed blood are said 
to contain the same amount of ChE (Ammon & Voss, 1935; cf. 
Domini & Colombini, 1938; Little, 1939). The enzyme activities 
of the blood of various vertebrates have also been studied by, amongst 
others: Ammon (1933), Stedman and Stedman (1935 a), Halpern 
and CoRTEGGiANi (1935), Ingvarsson (1935), Kahane and Levy 
(1936 a), Kwiatkowski (1936), Verebely (1936), Easson and 
Stedman (1937), Hall and Lucas (1937 b). Click (1938 a), Peruzzi 

1 Stedmah et al. also spelled the new word in this way, bat later authors have 
occasionally employed it as a single word: cholinesterase. Almost exactly half of 
the papers in English use cholinesterase whilst the others use choline esterase or 
choline-esterase. Latterly the single word has gained in popularity and will therefore 
be employed in this paper. 
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(1938), Sendee (1939), Glick, Lewin and Antopod (1939), and 
Friend and Keayer (1941). The present investigation also deals 
mtli the ChE activity of the blood of various vertebrates (Part III). 

Croft and Richter (1943) and Brauer and Root (1945) have 
supposed that blood-cell ChE is adsorbed on the surface of the erythro- 
cytes. This has been confirmed by the present author and will be 
discussed more fully in Part III (p. 57). Cline, Johnson and John- 
son (1947) found, on the other hand, that the ChE activity did not 
parallel the cell count or total blood haemoglobin. 

In 1940 the identity between "serum-ChE” and "erythrocyte- 
ChE” was disputed by Alles and Hawes (also Hawes & Alles, 
1941) since they found that the ACh-hydrolysing enzymes in blood 
serum and red blood cells were not identical. These findings were 
later confirmed by Richter and Croft (1942), Mendel and Rudney 
(1943 a), Zeller and Bissegger (1943), Augustinsson (1944, 1945), 
Glasson (1944, 1945), NAcmiANSOHN and Rothenberg (1945), and 
Schaefer (1947). A non-specific (s-type, pseudo-) ChE seems to 
be present in sera, but is absent in the blood of certain animals. A 
specific (e-type, true) ChE is present in the erythrocytes (in certain 
cases in the plasma) (Mendel, Mundell & Rudney, 1943; Mendel 
& Rudney, 1944 b). These observations Avill be discussed more fuUy 
below (p. 18 and Part III). 


ChE is also present in the lymph, though in considerably smaller amounts 
(Tsuji, 1932; Kwiatkowski, 193G; Gliok, Lbwin & Antopol, 1939; Forbes, 
Outhouse & Leaoh, 1940; Friend & I^ayer, 1941). Ascitic fluid and pus 
have also been Bhovm to split ACh (Ginsberg, Kohn & Neoheles, 1937). 

The ChE concentration in tho blood of man has been studied in considerable 
detail in order to correlate if possible the enzyme activity ^vith various diseases 
(see p. 14). However, tho results are not easy to interpret because of tho marked 
variation in tho ChE activity of normal human beings, Tho esterase values of 
one and tho same individual also appear to vary considerably when estimated 
over a long period (Stedsiak, Stedman & White, 1933; White, 1933; Arimon & 
Voss, 1935; Vahlquist, 1935; Vered6ly, 1936, 1937; Milhorat, 1938; ^Luiae, 
1938; Berger, 1939; Jellinek & Looney, 1939; Faber, 1941; Ferroni & Balei, 
1944; cf. Abdon & Uvnas, 1937; Halij & Ettinoer, 1937). According to Heeri 
(1944) tho sorum-ChE concentration decreases with age. In contradistinction to 
other animals tho serum-ChE concentration of guinea pigs shows seasonal varia- 
tions (Wattenwyl, Bissegger, Maritz & Zeller, 1943; Wattenavyl & Zeller, 
1944; Hersohberq,Frommel & Piquet, 1944). In addition, a geographic or climatic 
variation has been suggested in tho ChE activity of human scrum (Lackey & 
Slaughter, 1939, 1942). 

Normal physiological processes have no influence on tho ChE in scrum (Hall & 
Luoas, 1937 a; Sobotka & Antopol, 1937; JIahal, 1938; Domini & Coloi^ibini, 
^38; Peruzzi, 1938; Berger, 1939; Huidobro Sc Croxatto, 1939; Zeller Sc 
Birkhauser, 1940; Drouet, Veratn & Franquin, 1942; Faber, 1941, 1943 a, b). 

stated that tho temperature of tho body influences 
OriJii, an observation Which was not confirmed by Lackey and Slaughter (1942). 

1 semm ChE activity during muscle exercise, found by Croft and Eichter 
(1943) (also Ceooto et al, 1939; Huidobro, Guzman & Andia, 1943) has not 
been confirmed by Stoner and Wilson (1943). Tho changes in tho sorum-ChE 

atZ It ST 1939 TS," investigated by H. and R. Crox- 

been held that no difference exists between tho serum-ChE 
Sort iromen. Observations, made by Zellrr and his co- 

workers, argue against this (Birkhauser & Zellrr, 1940; Zeller. Bibkhauser, 

2—474206 
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Wattenwyl & Werner, 1941; Wattenwyl, Bissegger, I\Iaritz & Zeller 
1943). After puberty the ChE level is higher in men than in women, but partic- 
ularly low values were found in the serum of pregnant women (also found by 
3vtsj, Comeort, Dry & Osterberq, 1942) though this was not confirmed by 
Herschberg, Geisbndore and Piquet (1947). It is suggested that the ChE 
level of human serum (and of liver) is affected by the female as well as the male 
hormones, but other results have been obtained with the lower animals. Thus 
Beveridge and Lucas (1941) found more ChE in the serum of mature female 
rats and mice than in that of mature males. According to Mundell (1944) this 
difference is ascribed to the '^pseudo-ChE”. Caridroit, ELaswin and Serfaty 
(1945) found that the ChE activity of the plasma of cocks Was about 60 per cent 
greater than that for hens of the same breeds. More details about the sex difference 
in the ChE levels of rats have been published recently by Sawyer and Everett 
(1946, 1947) and Everett and Sawyer (1946 a, b). 

Regarding the action of parturition on the serum ChE, Navratil (1939 a) 
in opposition to Vahlquist (1935) and Herschberg et al, (1944 a) has shown 
that after the birth of the child the concentration of the serum ChE decreases 
in most cases. The enzyme concentration is said to be higher in the blood of the 
mother than in that of the umbilical cord (Ammon, 1935; Navratil, 1937 b). 

b) Nervous system. It has now been estabhshed that the ChE in 
all nerve tissues is either exclusively or predominantly specific for 
ACh (Mendel & Rudney, 1943 b; Langemann, 1944 a; Nach- 
MANSOHN & Rothenberg, 1945; Sawyer & Everett, 1947). 
More details about the tjjje of ChE present in brain will be found 
in Part III. 

A major difficulty in the chemical mediation theory is how ACh, released 
by the nerve impulse, can be rapidly removed within the brief refractory period 
of skeletal muscles and ganglia. An answer to this criticism is given by a series 
of well planned experiments on the enzyme ChE, carried out in the first place 
by NAcmiANSOHN and his co-workers. If ACh is the mediator of nerve impulses it 
would have to be destroyed during the refractory period. The ChE concentration, 
however, is surprisingly low in striated muscles (cf. Chapter VI). The time of 
hydrolysis by a muscle is 60 000 to 40 000 times longer than the refractory period. 
In the case of the frog sartorius, the ChE concentration is 300 per cent higher in 
the part containing nerve endings than in the nerveless pelvic end, also found 
for mammalian and other animal muscles. This difference is attributed to the 
high concentration of the enzyme at the nerve endings (Marnay & NAcmtAN- 
SOHN, 1937 a, b, c, g, 1938; ]\Iarnay, ]\1inz & Naohjiansohn, 1937; Couteaux 
& Nachmansohn, 1940; Eredericq, 1937; Feng & Ting, 1938; Hellauer, 1939; 
Hellaueb & Umrath, 1939; Pightni, 1939 d). This concentration is high enough 
to support the assumption that ACh is the transmitter of impulses across the neuro- 
muscular junction. The evidence presented for the high concentration of ChE 
at motor end-plates has been critically reviewed by Clark, Raventos, Stedman 
and Stedman (1938), Little and Bennett (1940), and Click (1941 a). 

As regards the sympathetic gangUa, Click (1937 b, 1938 d), working with the 
superior cervical ganglion, suggested that the concentration of ChE may be more 
concentrated at the synapses. The ChE activity of this ganglion has also been studied 
by Bruoke (1937), Croxatto ct al. (1940), and Couteaux (1942). Evidence in 
support of Click’s theory was presented by Nachmansohn (1938 b, f, 1939 a). 
It was calculated that the concentration of ChE at the syuapses was more than 
sufficient to destroy within the refractory period, the ACh liberated by a maximal 
preganglionic stimulus and was capable of causing a postganglionic discharge. 
Mendel and Rudney (1944 b), also Sawyer and Hollinshead (1945), have 
stated that a mixture of specific and non-specific ChE is present in the superior 
cervical ganglion of the cat. 

In the central nervous system, ChE is much more abundant in the gray matter 
which contains the cell bodies and synapses; the ChE values, however, ^vary 
considerably in different species and in the different parts of the brain (Nacii- 
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moc inQQ Vv o h IQSn a* PiOHiKii 1938^ 1939 ft; Lai^okmakk, 
? 94 ?°SoS & SoJnabbenberger, 1942; Eoana, 194C) and of tbo spinal 
& Torba. 1938 c; Naoumaesouk & Hoff, 1944). Consistently 
coniL values axe found for the same part of ^ ^ame 

is a close resemblance between tbo distribution of ACh and ChE (WEpn A/ mpE, 
19441 AU these results support the view that the same enzyme mechauLsm exists 
at central synapses as that found at motor end-plates and at synapses. 

The ChE values in brain are tho highest for adult liuman beings^ the lowest 
values being obtained in children (BiRKnAESER, 1940). The values differ m men 
aud animals (Pighini. 1938; Zeller, BirkiiXuser, Misun & Week 1939). 
The ChE activity of the brain of various species has also been studica by bTEDMA^ 
and Stedmae (1935 a), Kuhn and Surles (1938), Perezzi (1938), Click, LEinE 
and Aetoeol (1939), and by the present author (Chapter Vl). 

The high concentration of CbB in nerve fibres and tho still liighcr one in tiic 
synaptic region^ is paxticularly noticeable in fibres without myelin sheaths^ 
tho fibres of tho sympathetic chain. In tho myelin sheath itself tho concentration 
seems to bo negligible. Tho difference in enzyme concentration hetween nervo 
fibres and synapses is duo in part to tlie increased surface occurring inside tho 
ganglion by tho extensive end-arborisation of tho prc-ganglionic fibres. CliE is 
supposed to bo concentrated exclusively at tho neuronal surface of tho axon; no 
enzyme is found in tho axoplasm. Evidence for such a localisation of ChE lias been 
obtained in experiments on the giant axon of Ldlxgo (sguid) (BOKi>Xi & NACn* 
MAKSOHN^ 1940; cf. Naohmaksohk & jMEYERnoF, 1941; Sa^vyot, 1940). 

Btolook, Grttndfest, NAOHMAi^som^ and Rotiiekbero (194C, with Stfultno; 
1947) have observed a striking parallelism between enzyme activity and action 
potential, which means that a correlation exists hetwxcn conduction and ChE 
activity (cf. p. 12). The changes of CliE activity in nervous tissues under tho in- 
fluence of direct current have been investigated by MiNAaFV (1942) and by Babsk Y 
and Minajev (1944). 

ChE is found also in the cerebrospinal fluid (Plattnkb & 1930; 

Altenbtjrgkr, 1937; Pjnotti & TA2n?AKi, 1939; Bender, 1939; Reiss & HuMmiLE, 
1948; cf., however, Stedman & Stedman, 1935a;yAnJ.QDjsT, 1935).Thoactinty 
is equivalent to that of about 1 per cent blood serum. Tho ccrobrospinal fluid 
seems to contain a specific GhE and an “aliesterase^' (Geasson & IMutrux, 1946). 

c) Muscles, The ChE activity of striated muscles has been discussed 
to some extent in relation to the high enzyme concentration at tho 
motor end-plates (p. 8). According to Langkman'N (1944 a) the 
enzyme in striated muscles is of pure c-type (specific ChE) ivhich 
has also been shown by Nachmansohn and Rothenberg (1945). 

The ChE concentration is higher in animals tliat move rapidly than in those 
that are less active (LIarnay & Naobmansohn, 1937 d; Marnay, 1938 a; Lin- 
DEM^^ 1945) {cf. p. 66), Tho concentration is proportional to tho concentration 
of pnosphagen and inversely proportional to the ehrouaxio (IMarnay, 1938 a), 

A muscle loses its ACh dep6t on denervation, tho susceptibility to ACh rising.. 
Ihis has been attributed to a decrease in tho ChE concentration of the denervatod 
muscle. MENG (1940), however, did not find any connection between the enzyme 
lolTiT/m and the susceptibility to ACh. AIartini and Torda (1937,. 

^ Martini, 1938; cf. Feng & Ting, 1938) have shown that the 
denervated m. gastrocnemius decreases with tho time after 

{19377 e? Zil (Sawer, 1943 b). SIarnay and NACHMANSonK 

after deSrvatiS incrcaso in tho ChE concentration 

but the nerve cells ' ®“PPosed that it was not tho nerve fibres, 

tion. These colls are in fn«f liberated on nervous stimula- 

"teavx and Eaohsiarsohn denervated muscles. Cou- 

apparent as in«e“Be of ChE to ho only 

absolute ChE concentration ,?,>/ muscular atrophy; in reality the- 

1940 b;I>moLLi, 1942 c) ' ^ ConTEAUX, 1942; EjAuraowsKASA, 
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Table 1. Various Vertebrate Tissues Investigated for their 
Cholinesterase Activity 

Estimations for each organ have been carried out on a variety of animals. 
Where orily one or two have been determined this is stated in parentheses. The 
data about the type of ChE have been taken chiefly from the paper by Sawyer 
and Everett (1947), also from the papers by Lai^oemank, Nachmansohn cJ al ., 
Mendel e( al., etc., published after 1944. I: specific ChE; II: non-specific ChE. 


Tissues (Animals) 

Cl 

Ac- 

tivity 

lE 

Type 

References 

Heart 

++ 

I 

347, 162, 496, 116, 477, 217, 232, 


+ 

n 

26, 576, 206 

Lung 

++ 


496, 232^ 329, 328 

Salivary glands 

+ 

I 

352, 477, 232 


+++ 

II 


Saliva 

— 


496/ 77 

Stomach (pig, frog) 

++ 


217, 218, 232 

Gastric juice (man^ rabbit) 

— 


77 

Pancreas 

++ 

I 

496, 14, 212, 354, 358, 477, 232, 


++ 

n 

326 

Pancreatic juice 

++ 

II 

212 

Liver 

+ 

I 

496, 14, 245, 366, 147, 477, 232, 


+++ 

n 

211, 307 

Gall bladder, bile 

— 


496, 321, 232 

Intestine 

++ 


1, 347, 496, 245 232, 326, 110, 307 

Spleen 

++ 

I 

496, 358, 232 


+ 

n 


Kidney 

+ 

I 

496, 366, 477, 232, 211, 327, 328 


+ 

II 


Adrenal glands 

++ 

I 

496, 477, 232, 28 


+ 

II 


Bladder, ureters (calf) .... 

++ 


180 

Urine (man) 



496, 15, 618, 212 

Testis (man, pig) 

+ 


232, 326 

Sperm, prostate, seminal 




vesicles (man) 

(+) 


686 

Spermatic fluid from shark 




(Scyllium) 

+++ 


308 

Ovary, oviduct (man, pig) 

+ 

I 

232, 326, 327 


++ 

n 


Uterus 

+ 

I 

496, 366, 232 


++ 

n 


Placenta (man) 

+ 


466, 609, 666 

Milk (cow) ! 

— 


496 

Thyroid gland 

+ 

-L4- 

I 

u 

496, 232, 326, 327 

Carotid body (cat) - 

+ 

I 

TT 

271; cf. 12 

Thymus 

I 

+ + + 

I 

496, 232, 326, 327, 328 

Eye: various parts of ... • 



496, 617, 94, 232, 442, 32, 263, 




24, 653 

Ear: perilymph (pigeon) , . 

+ 


368 

Skin (man, cat) 

+ 

I 

604, 687 

Hibernating gland (cat) . . 

+ 

I 

654 


+ + 

n 


Red bone-marrow (cat) . . . 

+ + 

I 

554 


+ 

n 
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Another explanation for these findings is postulated by SA^\'VER (1940). 
ton <lpffpnoration of nerves in vivo is accompanied by a 60 per Mtit loss of tlieir 
specific ChE content. Further loss of enzyme fails to occur. The non-spccifjc 
ChE is unaffected by the operation while total ACh-hydrolysing capacity, depen- 
Snt on tuo enzymel drops 30 per een^ In vitro experiments, however indicate a 
decline of both specific and non-specific ChE, as was shown by Boelp (194u a). 

The ChE activity of muscles in various animals docs not necessarily change 
ivith ace (NACioiANSOim, 1939 c; Rjabinowskaja, 1940 a). Such differences 
may be due to the fact that the relative mass of the muscle and the nerve endings 

are not the same. , , . . t 

Seidlitz (1938) and Rukcak (1940) found increased activity m muscle after 
contraction by tetanic stimulation; other authors (Ltssak, Nagy Pasztor, 
1942; ViKCENT & JuLLiEN, 1941) found a decrease in activit}'. After the injection 
of teWnus toxin'tho concentration of ChE is increased in m. gastrocnemius, tic* 
creased in m. tibialis anterior (Mahtiki, Touda & ZmoKi, 1939). According to 
the same authors (Mabtini & Tokda, 1938 b), the enzyme activity decreases 
in muscles after destruction of the cerebellum. Section of the lumbosacral cord 
leads to «a small decrease of the enz3rme concentration of m, gastrocnemius (^Iak- 
TiKi & Tobda, 1938 a. c; Tobda & MABTiia, 1938). Tho centres in the spinal 
cord arc said to he of great importance in tho maintenance of the ChE concentra- 
tion of muscle. The muscle ChE also decreases after adrenalectomy (Stokrk & 
Mokpetii, 1944), 


d) Ocher verCebraCc tissues. The ChE activities of other vertebrate 
tissues, not discussed above, are presented in Table 1 wliicli shows, 
where it has been determined, the type of enzyme present. The earlier 
data concerning the ChE activity of various tissues furnish no in- 
formation as to whether specific or non-specific CliE, or both, are 
responsible for the ACh-hydrolysis in the tissue. The first account 
dealing with the amount of specific and non-specific ChE contained 
in various tissues of a single species is published by Aegustinsson 
(1946 c) in the case of Helix po??iatia and by Saavyer and Everett 
(1947) in the case of the rat. 


The following findings arc of especial note. In the hearts of mammals (and those 
of frogs) the ChE concentration is higher in tho auricles than in the ventricles 
(Enoelhabt, 1930; AI^TOPOI/ cC ah, 1939 a), Salivart/ glands, especially tho parotid 
gland, contain much ChE. Geick (1938 n, h) has applied a micromethod for assay 
of ChE to the study of the distribution of the enzyme in tho gastric rmicosa. The 
^pancreas is said to play an important role in tho system that regulates the ChE 
activity of blood serum; some secretion (not insulin) decreases the lij^d roly tic 
^ Bovet, 1941). Several investigations indicate that serum 
38 probamy s^mthesised in the liver (p. 14). In tho adrenal gland the activity is 
relatively higher in tho medulla than in tho cortex (AKToron & Click, 1940; 
Langejunn, 1942). Tho thymus^ has a very high ChE activity, A detailed study 
01 the distribution of ChE in various parts of the eye, has been performed by Bruck- 
From tho study ,of tho effect of intravenous injection of purified 
OR the pupillary light reflex, JHendel and Hawkiks (1943) concluded that 
ALh plays an essential r61o in nerve impulse transmission to tho sphincter pupillac 
(cf. Sachs & Heath, 1940). 

tismipq XV® ^^0 types of ChE present in various vertebrate 

t ssues. ilie results of those investigations will bo discussed in Part III. 

^ Bnako venom was first observed by 
and bifl'n ””<1 Chopra (1938) and lator confirmed by Giiosii 

wSS M39; Gnosn, 1910; Gkosh i 

wSSh.lV.l'LMli,'’”™ ?“'! OnoTOAK (1910). Tlio venims ot the, 
species of the Viperidae show^L^R^^^i?^ activity, while tho venoms of tho 
Serfaty, 1945). ^ activity (Zeller, 1947; cf. K as win & 
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The ChE of cobra venom is inhibited by physostigminc (Iyengar et aL, 1938; 
Bovet & Bovet, 1943). A purified enzyme preparation has been obtained bv 
Chowdhury (1942). Iyengar et cil* (1938) supposed ChE to be identical with 
neurotoxin, a fact not confirmed by Ghosh and his associates. According to 
Zeleer and Maritz (1945) and Zeller (1947) the ChE of snake venom behaves 
liko the c-ChE (specific ChE) of mammalian tissues. In addition to ACh, other 
esters containing acetyl groups and having low molecular weights, arc liydrolysed 
by cobra venom and therefore Nitti (1947) proposes calling such an enzyme “acc- 
tylaso”. 

The bee venom has not been investigated regarding its ChE action, but will 
be discussed later on in this paper (Chapter VI). 


f) Electric organs. There are three kno^ra species with powerful electric organs 
(Electro'phorus {Gymnotus) eleclricics, 3Ialapierurus ekctricus. Torpedo marmoraia) 
and several others with weak electric organs. These organs have the highest con- 
centration of ChE found in any tissue (Marnay, 1937). Nacieviansoiin and Le- 
DERER (1939 a, b) and more recently Rothenberg and Nachmansohn (1947) 
prepared highly purified ChE preparations from the electric organs of Torpedo 
and Electrophonis respectively, and studied the biochemistry of the enzyme. 
Nachmansohn (1940 d) based a discussion of the physiological significance of 
ChE on the studies of the enzyme in the electric organs. Detailed studies of the 
ChE concentration in relation to the electromotive force were carried out with 
Electrophonis by Nachiviansohn and his co-workers (Naohmansohn, 1940 c; 
Nachmansohn, Coates & Cox, 1941; Nachmansohn, Cox, Coates & Machado, 
1942; Nachmansohn, Coates & Rothenberg, 1946; cf. Nachmansohn & 
Meyerhof, 1941). There seems to bo a close parallelism between voltage per cm., 
number of electric plates per cm,, and concentration of ChE. According to Nach- 
mansohn and Rothenberg (1945), the ChE activity in the electric organs is 
ascribed to a specific ChE. 


g) Invertebrates. A review* of the physiology of the nervous system 
of invertebrates is reported by Prosser (1946); it contains a summary 
of the data on ChE content of invertebrate tissues, also given by 
Augustinsson (1946 b). 

In the Protozoa neither ChE nor ACh are to be found. As a rule, Coelenterata 
do not show any ChE activity; the enzyme is found in the hydrezoans and antho- 
zoans, but is lacking in the sponges, scyphozoans, and ctenophorans. Tuhularia, 
a hydrozoan coelenterate and one of the lowest animals to possess a nervous system, 
contains specific ChE (Bullock, Grundfest, Nachmansohn & Rothenberg, 
J947; cf. Bullock & Nachmansohn, 1942). In worms, considerable quantities 
of the ACh-hydrolysing enzyme are often present. Species from most classes of 
flatworms, roundworms, and segmental worms have been studied. A particularly 
high esterase content was found in the dorsal longitudinal muscle of the flatworm, 
Cerehratulus lacteus (Smith, Jackson & Prosser, 1940). The blood of worms, on the 
other hand, seems to have no activity (cf. p. 62). Among the Crustacea, the lobster 
and crayfish in particular have been investigated, but other species have also 
been examined. The enzyme is to bo found in muscles and the nervous system, 
but is lacking in the blood. This is also the case with the King crab {TAmulvs) 
^Smtth & Glick , 1939), spiders, and insects.^ The GhE activity of insect cen- 
tral nervous system has been studied especially by ^Iihalonis and Broavn 
(1941), Means (1942), Richards Jr. and Cutkomp (1945), and Tobias, Koll- 
ROS and Savit (1946); acetyl-//-methylcholine is said to be hydrolysed at a 
higher rate than ACh (cf. Chapter VI). Considerable amounts of ChE are found 
in the blood of the molluscs, this activity is lowest in the mussels, a little higher 
in the squids, and highest in the snails. High concentrations of ChE are found 
also in the muscles. Squid ganglion has the richest content of any invertebrate tissue 
(Boell & Naoioiansoiin, 1940). ChE is lacking in the purple cyst of 3furex 
(JULLIEN, 1939; JULLIEN & Bonnet, 1941); from this animal Erspamer and 
Dordoni (1946) have isolated a new choline derivative (murexine) with a high 
ACh action which is not acted upon by ChE. Surprisingly high ChE activity is 
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found in tho dart sac of Helix pomatia (Augustinsson, 194G a, c). The enzyme is 
present in tho blood, muscles, and tho nervous system of echinoderms. Tunicates 
have no ChE in tho blood, but the muscles have an AChdiyd rolys ing activity. 

Tho results mentioned have been obtained, amongst others, by Ammon (1935, 
1943), Artemow and his co-v*orkcr8 (with IVliTROroEiTANSKAJA, 1938; with Luiue, 
1941 ;'TkhTRoroi.iTANSKAJA, 1941), Bacq (1935, 1936, 1937; with IIacumansoun, 
1937; with OuRY, 1937), Corteqoiani and Serfaty (1939), Fredericq (1937), 
Hali’ERN and Cortegoiani (1935), Jullien (1939, 1941; with Bonnet, 1941; 
with Vincent, 1938, 1941; with Vincent, Bouchet & Vuileet, 1938), ICosu- 
TOYANTZ (19361, Kakushkina and Levina (1946), Marnay and Nacibiansohn 
(1937 e), Naohmansoun (1938 b, 1939 a), Pennoit-De Cooman (1930; with 
van Gramberoen, 1942), Rezek and Haas (1942), and by Vincent and Jttelien 
(1938, 1939; cf.. Vincent, 1938). These authors have viewed the problem from 
a physiological point. Auoustinsson (1946 a, b, c) has determined the ChE 
content of various invertobrates chiefly from a chemical standpoint in order 
to find out moro details about the specificity of tho enzyme (p. 21). These studies 
have now been extended, tho results of which are found in Part TII. 

h) Bacteria, in all probability, do not contain ChE according to Bernoxjlei 
and Bloch (1944). In contradistinction to this, Scualler (1942 a) found that the 
type I pneumococcus hydrolyses AGh; a low hydrolytic activity Was also found 
for some bacteria by pe Prat (1945) and Vincent and de Prat (1945 b). 


i) Cholinesterase at different stages of develop^nenL The investiga- 
tions of the ChE activity at different stages of development have 
added much to our knowledge of the significance of the system 
ChE-ACh. It has been demonstrated in many ways that a relation 
exists between ChE concentration and function during embryonic 
development. The concentration is high at the time when nerve 
impulses begin to be transmitted. 


In the muscle and the liver of chick embryos, tho ChE concentration increases 
rapidly to high values during incubation, in tho brain tho concentration reaches 
high values before and after batching (Ammon & Sciiutte, 1935; Hachmansoiin, 
1938 a, e, 1939 a, c; Tore a, 1938; Domini, 1938). Thomas and Nachmansohn 
(1938) determined the ChE activity of tho hearts of chick embryos. Nagiimanboun 
(1940 a) showed that the concentration of ChE is high in tho spinal cord at a very 
early age of the sheep foetus, but low at that time in tho different brain centres. 
Tho ChE concentration is higher in tho skeletal muscle of rabbit foetuses than in 
that of tho adult animals (Torda, 1938; Leibson, 1939 a; cf. Rjabinowskaja, 
1940 a; KAKUsinciNA & Arkhipova, 1941). Shamabina (1939) studied the ChJ? 
content in the embryonic auricles of various mammals and Youngstrom (1941) 
determined the enzyme concentration during the development of tho human foetus 
(central nervous system, skeletal muscles, liver). In the central nervous system tho 
concentration runs parallel with tho functional development (cf. Nachmansohn, 
1938 h; Sawyer, 1942; Boele & Shen, 1944). Studying the respiration and cyto- 
chrome- oxidase activity of Amblystoma, Boele (1945 b) has demonstrated that 
ChE and cytochrome oxidase appear at different times and at dissimilar rates 
^^velopment. There appears to bo a close relationship between tho increase 
in ChE and ACh content and tho maturation of the neural units in the developing 

chick retina (Ltndemah, 1947). 

The relationship between ChE and the development of behaviour in Amphibia 
Youngstrom (1938), Artemow (1941), and Sawyer (1940, 
\ ChE during tho development of Fundulus (a 

investigated ChE in developing grasshopper eggs, 
activity of developing sea-urchin eggs has been determined by tho present 
author and will be reported in Chapter VI (p. 71). 



14 


3. Correlation between Cholinesterase Activity and, Various 
Pathological Conditions 

The ChE concentration of the blood has been -widely studied in 
order to correlate the enzyme activity with various pathological 
conditions. If such a relationship had been found it might have 
proved very useful both for diagnosis, as well as helping to elucidate 
the nature of many diseases. The mass of data obtained, however, 
has not allowed of any conclusions as to the relation between ChE 
activity and the diseases investigated. Moreover the marked varia- 
tions of the activity of normal individuals make it difficult to explain 
the results and many determinations have been at variance with the 
expected findings. Therefore it must be pointed out that the data 
obtained do not seem to have any diagnostic value (cf. the review 
by Ammon & Chytrek, 1939). They may possibly help in the search 
for a general factor governing the distribution of ChE (see Chapter 
XIII). 

Investigations carried out with a great number of patients with various diseases 
have been described by Antopol et al. (1937, 1938), McGeorqe (1937), ^Iilhorat 
(1938, 194:1), Croxatto and Huidobro (1939), Huidobro and Croxatto (1939), 
MoAbdle ^940), Mengoli (1940), Piroluc (1941b), Faber (1941, 1943 a), 
Butt et al, (1942), Rumma and Sibul (1943), de Prat (1945), Aron and Hersoh- 
BERG (1946), Cristoe et al. (1946), Laborit and Morand (1946 a), Vittoz ^946), 
and others. 

Reduced serum ChE values have been obtained in the cases of liver disease 
(see also Vincent & de Prat, 1942; Schalleb, 1942 b; Fiessinger et ah, 1944; 
Vincent et al., 1944; Passouant et al., 1945; Kaswin, 1945; Rimbaud et al., 
1946). Faber (1941, 1943 a, b) has found a connection between the serum albumin 
concentration and the amount of ChE in serum and assumed that both the serum 
ChE and the albumin originated from the liver. Brauer (1945), Brauer and 
Root (1946, 1947), Sawyer and Everett (1947), and Wescoe et al. (1947) also 
found that the liver is the primary site of synthesis of the non-specific serum 
ChE (cf. Steensholt & Venndt, 1945; Ellis, Sanders & Bodansky, 1947). 

Low ChE values in the blood have been found in patients with anaemia, tuber- 
culosis, carcinoma, dermatosis, uraemia, shock, etc., high values in hyperthyroidism, 
bronchial asthma, diabetes, and certain other diseases (see, amongst others, Scoz 
& Cattaneo, 1937; Cattaneo, 1937; Dikshit& IMahal, 1937; Vereb^ly, 1937; 
Jones & Stadie, 1939; Albus, 1939; Lackey & Slaughter, 1939; Sabine, 
1940; Youngstrom et al., 1941; Rentz, 1941; Kuchinskii, 1941, 1942; Brucke 
et al,, 1941; Pirolli, 1941 b; Vincent & de Prat, 1942; Werle & Stuttgen, 
1942; Kakushkina & Tatarko, 1942, 1947; Weber, 1942; Villasante, 1942; 
Lanoeatann et al., 1943; Feommel, Thaleteimer, Herschbero & Piquet, 1943; 
Huidobro et al., 1943; Rados, 1943; de Michele, 1944; Langemank, 1944 b; 
Hersohberg et al., 1944 a; Epstein et al., 1944; Schachter, 1945; Vincent, 
Brygoo & DE Prat, 1945; Passouant et al, 1945; Davis, 1946; Heim, 1946; 
Heim & Ruete, 1946; Binet & Burstetn, 1946; Vincent & Brygoo, 1946; 
Vincent & IMalbec, 1947; Frommel & Piquet, 1947; Stuttgen, 1947). Much 
attention has been directed to a supposed relationship between serum ChE and 
blood pressure (Zinnitz, 1940; Zinnitz & Rentz, 1940; Pirolli, 1941 a; cf. 
Longo & SORRENTINO, 1940; Stropeni & Battezzati, 1942; Libbrecht, 1945). 
Other investigations have stated that such a relationship does not exist (Hall & 
Lucas, 1937 a; Huidobro & Croxatto, 1939; Doles, 1940; Brucke et al., 
1941; Werle & Stuttgen, 1942; Rtechert & Frisch, 1942; Schaller, 1942 b; 
cf. also Govaerts et al, 1931; Hall & Ettinger, 1937; Ginsberg et al, 19p; 
Sarkar et al, 1942). Burning and freezing the muscles resulted in a reduction 
(From^tel & Piquet, 1945, 1946) or raising of the serum-ChE activity (Schum- 
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melfeder 19i6, 194:7 h ). Williams (1944) found a dcfinito biological diffetcnco 
between the "Temiiune’’ male homosexuals and all other individuals, in that there 
was an absence of the normal reduction in serum ChE following the subcutaneous 

administration of prostigmine. ^ n ^ i. a 

According to Schalleb (1942 b) the variations of CliE m erythrocytes and 
plasma are often due to a shift of the enzyme between the erythrocytes and tho 
plasma; the enzyme is supposed to be formed in the red blood cells. M regards 
the quotient K/Ca in serum and the serum ChE activity, Anisi (1942) did not fmd 
any connection. This was not confirmed by Bumma and SmuL (1943), according 
to whom high values of K/Ca corresponded to low values of enzyme activity. 

Besides these investigations, interest has been directed towards myasthenia 
gravis and myotonia congenita. The first disease is characterised by great muscle 
'Weakness and fatiguability and it has been known since 1934, that physostigmino 
or prostigmine can be used with good results in the treatment of myasthenia. 
As these two agents inhibit ChE specifically, it is logical to suppose that this 
disease may be associated with an imbalance between the rate of liberation of 
ACh at the myoneural junction and the rate of its destruction by ChE present 
locally, that is, deficiency of ACh brought about by increased ChE activity. 
However, evidence indicating that such a state of affairs actually exists is still 
lacking. Thus direct determinations of the serum ChE have showu, in most cases, 
normal values (McGeorqe, 1937; Hall & Lucas, 1937 a; Corkill & Ennor, 
1937; Milhorat, 1938, 1941; l^REUUENnERO & Beblich, 1938; Russel ci al,, 
1938; PoNCHER & Wade, 1939; Odom ei aL, 1943; Jucker, 1943; Stoner & 
Wilson, 1943; Wilson & Stoner, 1944; Passouant ct ah, 1946; cf. Thomtson 
& Tice, 1941). Some cases have given high values (Hicks & MaoKay, 1936, 
1938; Goodman ct aL, 1939; Ask-Upmark, 1939). whibt others have presented 
low ones (Stedman & Bussell, 1937; Piculer, 1937; Stoerk &**MoRPETn, 
1944). ^Normal values for serum ChE, however, do not signify that tho concentra- 
tion of the enzyme at tho neuromuscular junction is necessarily normal, on tho 
contrary, some authors presume that ChE is abnormally elevated at tho motor 
end-plates. No significant differences were found between the ChE activity of 
muscle from myasthenic patients and that from control subjects (Jones & Stadie, 
1939; Goodman et al,, 1939). Other explanations of myasthenia gravis have been 
suggested (review: Hoaoland, 1946). — Myotonia congenita, which is in complete 
contrast to myasthenia gravis, is characterised by muscular hyper tonicity and 
slowness of relaxation. It has been surmised that this condition is related to an 


excess of ACh at tho neuromuscular junction brought about by decreased ChE 
activity. Low serum ChE values in myotonia are reported by Bussell and 
Stedman (1936), and by Hicks and MacKay (1938); also tho myotonic muscle 
was found to have a low ChE level (]\Iinz, 1945; JIinz & Passouant, 1946), Ponoiier 
and Wade (1939) have obtained normal values for tho serum ChE. The most 
effective therapeutic agent in myotonia is quinine, the relationship of which to 
ACh and ChE is not yet fully understood (see Chapter XI). — Other muscular 
(or nervous; cf. below) disorders have also been studied as regards their ChE 
activity (see Altenrtjroeb, 1937; Pichler, 1937; Dikshit & ISIahal, 1937; 
Milhorat, 1938; Yokoti, 1939; AlI, 1940; Parer, 1941; Odom et al., 1943; 
Villasante et al, 1943; Kaswin, 1945). 

A lowered activity of serum ChE has been found in disorders marked by reduced 
responsiveness (catatonic stupor, sebizopbrenia, epilepsy) and higb values in 
anxiety states (JoNES & ToD, 1937; ToD & Jones, 1937; Jones & Stadie, 
1939; Longo & Colaciuri, 1940; cf. Birkhauser, 1941 a, b; Biohter & Lee, 
1942; Butt et al, 1942). The lowered ChE activity in schizophrenia rises sig- 
nificanCy after insulin treatment (Band all & Jelijkek, 1939; Band all, 1940). 

At this juncture a short account of the investigations carried out on the con- 
nection between GhB activity and aneurine (and beri-beri respectively) appears 
germane. Aneurine inhibits ChE (Click & Antopol, 1939 a, b; Sullmann & 
^iRioiAUSER, 1939; Brucke & Sarkander, 1940; BbOoke et al, 1941; Nitzesou 
A -^mon, 1943; Eg ANA, 1946); some authors, however, have 

denied this (Byer & H^puder, 1940; Saviano, 1942; Boca & Llamas, 1943; 
ct. iiissAK el ol., 1943). Also acetylaneurine (cf. p, 17, Table 2) is said to he a 
competitive inhibitor for ChE. Cocarboxylase, which is not hydrolysed by ChE, 
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has tho weakest effect of the three aneurine derivatives (Glick & Antopot. 
1939 a; of. Egaka, 1946; Roca & Llamas, 1943). ^ ‘ ' 

If vitamine B, inhibits ChE in vivo, it would bo expected that the ChE con- 
centration would be increased in B,-deficient animals. Indeed, Antopol et al 
(1939 b), Lissak et al. (1943), and Fkoment & Kasivin (1945) obtained increased 
ChE activity of blood serum, striated and intestinal muscles of beri-beri animals 
(cf. Brucke & Saekaittiee, 1940). In contradistinction to this Zeller and Birk- 
HAUSER (1940) have shown that the ChE concentration in rat liver is definitely 
diminished in animals suffering from beri-beri and Pighini (1939 c) found lower 
values than normal in brain, spinal cord, and sciatic nerves of beri-beri niueons 
(cf. Egai?a, 1946). ^ 


Chapter II 

THE CHEMISTEY OE CHOLINESTEEASE 
A. Specipicity of Cholinesterase 
1. Earlier Investigations 

According to recent findings we .know tllat the ACh-kydrolysing 
factor cannot be ascribed to a single enzyme. Previously, when CbE 
was supposed to be a single entity, several investigations were under- 
taken in order to determine tbe relationship between the structure 
of various substrates and the action of ChE (from serum) upon them. 
These earlier investigations on the specificity of ChE were carried 
out by SiMONART (1931, 1933) and latterly mainly by Stedjian and 
his co-workers (Stedjman, Stedman & Easson, 1932; Stedman, 
Stedman & White, 1933; Easson & Stedman, 1936, 1937), Ka- 
HANE and Levy (1936 c, 1937 b), Eoepke (1937), Eoepke and 
Welch (1936), and especially by Click (1938 c, 1939 a, 1941 b). 
SiMONART pointed out that serum contains a non-specific "acetyl- 
cholinase”. Stedman’s group found evidence that serum ChE is an 
enzyme distinct from lipase and simple esterase. Kahane and Levy 
investigated the hydrolysis of some choline esters in connection with 
the effect of physostigmine in sensitizing tissues (serum, muscles of 
leech and frog) to the pharmacological action of these esters. A more 
systematic study was made by Click. He measured both the en- 
zymic and non-enzymic hydrolysis of a variety of choline esters with 
various structures of the acid component and the hydrocarbon 
portion of the alcohol component. Table 2 summarises some substrates 
studied in relation to blood serum which, as we know, contains in 
most cases a non-specific ChE. N. B. ChE refers to seru7n ChE. 

Tho enzymic hydrolysis increases with lengthening of the acid component 
of the choline esters from 2 to 4 carbon atoms (I— IV); tho non-onzymic hydrolysis 
is decreased with this lengthening. After the butyryl compound, the length of the 
acid chain (VI) results in a decrease of the enzymic hydrolysis. This effect no 
longer holds in the case of chains long enough to render tho compounds water- 
insoluble (Vn). The hydrolysis decreases when branching alkyl groups are in- 
troduced in the acid component (V), The choline esters of dicarboxylic acids arc 
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spHt relatively slowly (XI). The pyruvoyhCh (Vin) is attacked by the serum 
ChE which also hydrolyses the benzoic-acid ester (IX); the p-nitro, p-amino, 
and p-xnethyl derivatives of benzoylcholine are not split (Handley, 1946). 
Carbaminoyl-Ch (X), as well as substituted ones (e.g., dibutoline, Peterson & 
Peterson, 1945), are not affected by the enzyme. The same holds for some recently 
prepared choline esters (furoyl-, thenoyl-, nicotinyl-) (Carr & Bell, 1947). 
In the case of ester analogues of choline esters where the (quaternary ammonium 
radical is included in a ring structure (XII), hydrolysis in a manner similar to 
that found with the corresponding straight chain esters takes place though not 
so rapidly. Inorganic esters of choline (XIII, XIV) are not enzymically hydrolysed 
by serum ChE. Introduction of an «-meth/l group into the choline portion (XV) 
results in a reduction in activity which is more pronounced when the methyl 
is placed in the /^-position (XVI). Introduction of a CHj group between the sub- 
stituted amino radical and the ester link, as in acetyl-/-homo-Ch (XVII), decreases 
the enzymic effect. When two methyl groups are added to the centre carbon 
atom in this y-homo-Ch, little change is produced. Esters of thiocholine (XVIII) 
are more rapidly split by ChE than their oxygen analogues. ChE hydrolyses 
substances where the nitrogen atom of choline is replaced by phosphorus or ar- 
senic (XIX) at practically the same rate as ACh. Acetylcolamin (XX), where the 
amino radical is ur -substituted, is unaffected by ChE. In contradistinction to 
Kahane and LtvY, Glick found that the ethyl ester of betaine (XXI) is not 
acted upon enzymically by serum. 

Serum ChE seems also to have a stereochemical specificity. Thus Glick (1938 
c) tested the optical isomers of acetyl-/?-methyl-Ch (XV) and found that only 
the D- compound was enzymically attacked and not the L-ester. 

Essentially different from the choline esters is acetylaneurine (XXII), syn- 
thesised for the first time by Kuhn, Wieland and Huebsohmann (1939) (cf. 
p. 6). It is most probably the same factor which in blood serum splits ACh and 
acetylaneurine as demonstrated by Augustinsson (1944). Already Massart 
and Dufait (1939 b, 1940 a), Sullman and Birkhauseb (1939), and Riechert 
(1940) had found that serum, brain, and certain other tissues split acetylaneurine. 
Augustinsson (1944) announced that the blood of Helix hydrolyses this ester 
at a high rate. Riechert and Wieland (1941) who have reported hydrolysis of 
acetylaneurine by leech extracts, found that these extracts also hydrolyse ben- 
zoylaneurine. They supposed that it *was the same enzyme hydrolysing both 
ACh and the two aneurine esters. The enzymic hydrolysis of acetylaneurine (AAn) 
will be discussed more fuUy in Part III. 


2. Different Tyfes of Cholinesterase 

Until the year 1940, uncertainty prevailed as to whether the hydrolysis of ACh 
was catalysed by a specific enzyme or not. When in 1932 Stedman and his co- 
workers proposed the name “choline- esterase” for the choline- ester hydrolysing 
enzyme in blood serum (horse), it was impossible to decide whether there was 
more than one enzyme responsible for the hydrolysis of choline esters, methyl 
butyrate, and tributyrin. The following year the same authors (Stedman, Stedman 
& White, 1933; White, 1933; Easson & Stedman, 1937) announced that many 
sera contained two enzymes at least, one ChE, the other an ordinary esterase. 
The specificity of the two was not absolute. In addition, the existence of a third 
enzyme, a lipase, was assumed. 

In 1935, Shaw demonstrated two esterases in serum one of which was inhibited 
by physostigmine. Vahlqutst (1935) was the first who definitely pointed to the 
fact that ChE in human blood plasma is not specific against choline esters. Two 
years later. Hall and Lucas (1937 b) investigated the hydrolysis of ACh, methyl 
butyrate, and tributyrin by sera from 77 various animals and emphasized that 
it was impossible to draw definite conclusions regarding the specificity of the three 
different enzymes present. According to Pranciolo (1937) choline phosphatase, 
hydrolysing the choline ester of glycerophosphorio acid is not identical with ChE. 
Phosphorylcholine, studied by Beznak and Chain (1937), is most probably not 
hydrolysed by the serum ChE. The serum phosphatase is not identical with serum 
ChE (Cristol, Passouant, Benezeoh & Dutarte, 1945). This, most probably. 
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from this short communication, before 1910, little had been said about the specific tj 
of ChE in tissues others than blood. 


It had long been known that the erythrocytes have an ACh- 
hydrolysing effect. The next question that arose was whether the 
erythrocyte ChE and the serum ChE were identical. In 19-10 this 
problem was investigated experimentally for tbe first time on human 
blood by Alles and Havtes (1940, 1944) (Hawes & Alles, 19-11; 
cf. the controversy in Science between these authors and hfEKDEij s 
group, clarified by Click, 1945). These authors pointed out that 
the enzyme of serum and that of erythrocytes arc distinct. This 
conclusion was based on the difference in the enzymic proportic-s 
of the enzymes regarding activity-pH, activity-NnCI, and activity- 
substrate concentration relationships. Alles and Hawks observed 
that excess of ACh depressed the activity of the cell ChE which 
was not the case with the serum ChE, Acet 5 *l-^-mcthylcliormc was 
split by the cells at the same rate as ACh, the serum, on the other 
hand, hydrolysed the ^-methyl derivate only slightly. These observa- 
tions have more recently been confirmed and considerably extended 
by various groups of investigators, but, as Click claims, "Alles 
and Hawes deserve tbe priority for the initial discovery”. 

Eichter and Crofx (1942) have shown that the hydrolysis of 
methyl butyrate and tributj^in by human scrum is brought about 
chiefly by ChE, thus confirming the earlier observation of Vahlqulst 
(1935). The ChE of the erythrocytes is said to be different from 
that of serum in having an absolute specificity against choline c.slers 

Moreover, the two enzymes behave differently in relation to certain 
substances. 


(1943 a) examined highly purified enzyme 
preparations (cf. Mendel & Mundell, 1943; Mendel, 1943- Stre- 
LiTZ, 1944) and . found that ChE in blood serum and certain ’animal 
bXaW ChE hydrolysing not only esters of choline 
non-cholme esters. In addition a specific or true 

esterase” “ "ps^iiio-oholin- 

(LAUBENPEL7l94?p^f AT Unfortunate designation” 

IcceptTSsTH™ S. taadisable to 

and wMoli "ougUt & Rotnei- 1944 b), 

soon as possible” (Click 194^^^ a scientific literature as 

Alles and Hawes was that ^ similar observation to that of 
exhibits its maximum activity at hiahTn^^^^° ChE of blood serum 

vity at iiigh ACh concentrations (> 2 X 10"* 
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M) and displays decreasing activity _ with diminishing substrate 
concentrationsj the specific ChE of brain and red blood cells, on the 
other hand^ exhibits its maximum activity at low ACh concentrations 
(< 2 X 10 ' M) pd displays increasing inhibition vdth rising sub- 
strate concentrations. 

Since the above work the Canadian group has extended these 
observations. Thus Mendel, Mdndell and Eudney (1943) reported 
that acetyl-^-methylcholine is hydrolysed only by the “true ChE” 
and not by the “pseudo-ChE”, whereas benzoylcholine is split only 
be the "pseudo-ChE”, and not by the "true ChE” (cf. Vincent, 
1946 b). Using this method, Mendel and Eudney (1943 b) found 
that brain tissue of all vertebrates contains only “true ChE”. As 
regards other organs no general statement concerning the type of 
ChE could be made. “True ChE” seems to be located in the erythro- 
cytes of most blood species, in some cases (cats, birds) in the plasma. 
“Pseudo-ChE” is lacking in some species (ox, sheep) (Mendel, 
Mundell & Eudney, 1943), and, according to Gunter (1946), 
it seems to be absent on the whole from the tissues of ruminants. 
The results of Hawkins and Gunter (1946) have given evidence that 
“pseudo-ChE” plays no essential part in the hydrolysis of ACh in 
vivo. In this respect it is interesting to note that Sawyer (1945) 
has found an esterase — a “benzoylcholine esterase” — in the liver 
of guinea pigs (also in that of rabbits) capable of splitting benzoyl- 
choline, but not engaged in the hydrolysis of ACh. The existence of 
such an esterase will be discussed more fully in Part III. Mendel 
and his co-workers found that the shape of the curve relating initial 
velocity and substrate concentration is changed by the addition of 
salt (KCl) or protamine to the medium containing “true ChE” 
(Mendel & Eudney, 1945; Hawkins & Mendel, 1946) (see Chapter 
IX). 

The problem of the specificity of ChE was also studied in Basle 
about the same time. Zeller and Bissegger (1943) (cf. Zeller, 
1944) presumed the existence of two types of ChE: ChE of brain 
and erythrocytes constituting the “e-type” which is different from 
the “s-type” or ChE of blood serum. The two types are different 
in their behaviour to certain substances (see Table 3). It was also 
shown that the activity of the brain ChE is depressed by excess of 
substrate, a property similar to that of the erythrocyte ChE, observed 
by Alles and Hawes. 

Langemann (1944 a) studied the ChE types in various human 
tissues, and Glasson (1944, 1945) found that human erythrocytes 
contain one specific ChE and one "aliesteraso” and serum contains 
one non-specific ChE. The different enzymes seem also to be present 
in the cerebrospinal fluid (Glasson & Mutrux, 1946). 

Augustinsson (1944, 1945) has shown that a true chemically 
established difference exists between the ACh-hydrolysing enzymes 
in horse blood serum and erythrocytes. Electrophoretic investiga- 
tions showed that a large difference exists between the rates of migra- 
tion of the two enzymes in the electric field. Furthermore, erythro- 
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Table 3. Characteristics oj the Ttvo Acetylcholine-Hydrolysing Enzymes 


Characteristics 


ChE I 


ChE II 


References 


IToinencIature 


General distribution . 


Optimum pH . . , 
Isoelectric point 


Permanence at different pH • 
Inhibition by excess of sub- 
strate 

Activation by NaCl 

Hydrolysis of: 

tributyrin 

acetyl-^-methyl-Ch 

benzoyl-Ch 

phenylacetyl-Ch 

atrolactyl-Ch 

Inhibition by: 

quaternary H-bases 

tertiary N-bases 

dimethylcarbamate of 2- 
hydroxy-5-phenyLbenzyl. 
trimethyl- ammonium bro- 
mide 

caffeine 

percaine, irgamid 

priscol 

privino [ * ] ’ 

quinine ! ! ! ! ! 

intocostrin (curare) 

paludrine [ ’ [ 

fluoropiiospimte 


Specific CJiE 
"True ChE” 
“c-Type” 
Cholinestcrnso 

Erythrocytes, 
nerve tissues, 
thymus, etc. 
7.5— 8.0 
4.05—4.70 
(erythrocytes) 
less 

+ 

+ 


+ 


Non-specific ChE 
"Pseudo-ChE” 
“fi-Type” 
Unspecified ester- 
ase 

Blood scrum, 
pancreas, glands, 
etc. 

8.5 
4.30 
(scrum) 
more 


+ + 
+ 


+ + 
+ 

+ + 
+ 
+ 
+ 
+ 


+ 

+ 

+ 

+ 

+ 

+ + 


+ + 
+ 

+ + 

+ + 
+ + 


211, 227 

398 

685 

459, 462 
See Table 1 


10; cf. 495 
40 

40, 41 

10, 398, 685, 459, 
44, 106 

10; cf. 225, 402 

618, 512, 398, 459 
10, 395, 459 
395, 459 
530 
71 

543; cf. 143 
543 


252 

685, 462, 143 

685, 143 

561 

561 

462 

249 

72 

254 


ChE .eems conriderably more sensitivo to pH than scinm 

(1946 a, b), the AOh bvdr l ■ ^l\^*rfereiit marine invertebrates 
hydrolysis of acetvhd effect was compared with the 

Had been suggested in and benzoylcHoline, whose use 

del, Mtodell & HudnJy specificity of CbE (Men- 

hardly split either of tho iT 1 shown that some species 

/?-methylcholine at a hicher others split acetyl- 

CuTKOMp, 1945; Tobias me w ^ ^^ichakds Jr. & 

performed with Helix xomafin / a ' ^ detailed study has been 
ies have now been exi^nS i^UGusTiNSSON, 1946 c). These stud- 

and the results are found in Part III. 
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Nachmansohn and Kothen-bebg (1945) determined that the 
esterase in human serum is “unspecified”, and that in the erythro- 
cytes it is specific for ACh. The esterase in all nervous tissues, motor 
and mixed nerves as well as sensory nerves (Btolook, 
NACHJiANSomr and Kothenbeeg, 1947) is either exclusively or 
predominantly ChE, so also in striated and heart muscle both free 
of nerve endings (also, Kothenbeeg & Nachmansohn, 1945). 
Nachmansohn and Schneemann (1945) compared the effect of some 
drugs on ChE. In phenylacetylcholine, Kothenbeeg (1945) found a 
compound which is completely resistant to ChE, whereas other 
esterases are able to split it. 

The activity-substrate concentration relationship of ChE has also 
been studied by Casiee and Delahnois (1946). 

A comparison of the two types of ACh-hydrolysing enzymes is 
found in Table 3. 


B. Synthesising Action oe Cholinesterase 

As early as 1926 Abderhaldek and Paper ath found during experiments vnth 
the small intestine of pig that the ACh-hydrolyaing enzyme has a synthesising 
effect strongest at pH 6, as opposed to a hydrol 373 ing one. These results have been 
later confirmed in experiments with pig serum (Shaw, 1936), embryonic extracts 
(Ammon & Kwiatkowski, 1934), leech extracts, and human serum (Kwiatkowski, 
1936). In respiration experiments with brain slices, Quastel, TennenbauiiI and 
Wheatley (1936) obtained a substance which was supposed to bo a choline ester; 
they did not find any connection between the ChE concentration of various tissues 
and the ability of synthesising choline esters. In all these instances, the synthesis 
took place aerobically. 

It is certain that ACh is synthesised during the electric stimulation, for example 
of the superior cervical ganglion, but it is as yet not clear whether the ACh formed 
is identical with that liberated at the nerve endings or synapses. This synthesis 
at the cervical ganglion is not inhibited by physostigmine; therefore it is doubtful 
whether this process is catalysed by ChE. The formation of ACh is increased by 
adding glucose, lactic acid, acetoacetic acid, and pyruvic acid. These substances 
of carbohydrate metabolism have no influence on the ChE activity, but they are 
sources of the acetyl group needed for the synthesis of ACh. The phospholipids 
are the origin of choline. 

Haohmansohn and JIaohado (1943) have shown that ACh is also formed 
anaerobically. They have extracted from brain a new enz 3 uno, choline acetylase, 
which, under strictly anaerobic conditions in the presence of adenosine triphosphate 
and K+, forms ACh in cell-free solution. Physostigmine and fluoride must bo 
present in order to inhibit the action of ChE and adenosine triphosphatase respect- 
ively. The preparation of tho enzyme has been described, enzyme seems to bo 
present also in striated and cardiac muscle. These findings by Nacitmansoitn 
and bis co-workers have been in part confirmed by other authors. 


C. Determination of Cholinesterase Activity 

In the quantitative determination of ChE activity, the rate of 
hydrolysis of added ACh is measured. Formerly biological methods 
were chiefly used, but today chemical ones are more in favour. In 
the biological methods high enzyme- and low substnte-concentrations 
are employed, whereas in the chemical ones the substrate is in excess 
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nr>fi thp enzvmc in dilute solution. Because of these differences, 
compSabU Lulls ate not obtained ivitli the two nictbods (of. 

Mahal, 1938). 

1. Biological Methods 

The evanescence of ACh is followed pliarmncologically by measuring its action 
ooSm JiSSo (AaraBUAi,uEU & Paitoam, » AmsunK S Ko-srana, 
1839), heart (LOEm & Naveatil, 1920: Plattkee & i nae^’ 

1939 , frog muscle (Scheineb, 1939; Cbivetz, 1945), leech mnsclo 193-), 

frog rectus (SLuiTna & Torda, 1937), or by measuring the blood pressure (Pame- 
LOEOLtr & PoPESco, 1946). 


2. Chemical Methods 

In estimating ChE chemically, the acetic acid liberated by the 
hydrolysis of ACh is determined. Such a method is used almost 
exclusively today. 


a) Titration Methods 

The liberated acetic acid is titrated with an alkaline solution of 
known concentration. 

(1) Indicator methods. Various indicators have been recommended, c.g., plicnol- 
phthalein, phenol red, crcsol red, or bromthymol blue. Tho method has been 
described by Reksuaw and Bacon (1926), Stedman, Stedman and Easson 
(1932), White (1933), Vaulqijist (1935), Hall and Lucas (1937 a), Roepkb 
(1937), PioHiNi (1939 a), Ebeehakd and Silverman (1939), Bovet and Sante* 
NOISE (1941), and others. In connection with onzymic-histochomicnl investigations, 
a micro-titration method for assay of ChE has been described by Click (1937 a, 
1938 a, b). Click’s method has been modified by Sawyer (1943 a). In using dyes 
as indicators, it is often very difficult to observe a clearly defined colour change. 
In addition, many other troublesome precautions must bo observed, not tlio least 
being the possible influence of tho indicator on tho enzymo (cf. Bermieim & 
Bernheeu, 1936; Lonqo, Sorrentino & Golaciuri, 1940; Piouini, 1041; Sack 
& Zeller, 1943). 


(2) Electrometric methods. A more convenient method than using 
indicators is to titrate electrometrically. It is advisable to use a 
quinhydrone electrode (Scoz & Cattaneo, 1937; Barbour & 
Dickerson, 1939), glass electrode (Glick, 1937 a; Alles & Haw’es, 
1940; Sanz, 1944; Schummeleeder, 1947 a), or antimony electrodo 
(Delaunois & Casier, 1946). Electrometric titration, details not 
given, was also employed by Gilman, Carlson and Goodman (1939). 


h) Manometric Methods 

(1) Warburg method. The Warburg manometric method is the 
following the hydrolysis of ACh, it is also the 
comparative and serial experiments. Ammon 
method in assaying ChE activity. The 

CO evolved TYi° vf- estimation of the volume of 

rn Rtt +l ^bicarbonate-containing system buffered against 

CO, by the acet.o ao.d formed in the hydroy s of ACh, TWa Sod 

Z— 474266 
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is now used almost exclusively and will be described in detail in 
Chapter III. 

(2) Bakcroft diffcTcyiiicl yncthod has been employed hy STEBiiAX and Stfdvav 
( 1935 a). 

(3) VAN Slykr method has been used by Rinkei. and Pijoan (1938); it was 
employed in a modified form by Friend and Krayer (1941). 

(4) Ilicrochcmical gcuiometric method. The principle of the Cartesian diver has 
been successfully applied to the study of tho ChE activity by Ltnderstrd.u- 
Lano and Gliok (1938). This microchcmical gasomotric technique has also been 
used by Boedl and Shen (1944). 

c) Other Methods 

A step-photometric method, based on tho ferric-chlorido reaction of acetic 
acid, has been described by Addon and Uvnas (1937). This method is one of those 
used by (1940) and by Pirolli (1941 a, b). Another photometric method, 
using m-nitrophenol as indicator has been evoked by Croxatto, Croxatto and 
Huidobro (1939). 

An opalescence method vas introduced by Gal (1940). 


3. Methods Pro-posed for Distinguishing heUveen Specijic and 
Non-Specific Cholinesterase 

After evidence had been presented that two types of choline-ester 
splitting enzymes exist, various methods were proposed in order to 
distinguish between them. Thus Mendel, Mundell and Budney 
(1943) based a method, now frequently used, on the observation 
that acetyl-/9-methylcholine is split only by the specific ChE and 
not by the non-specific ChE, whereas benzoylcholine is hydrolysed 
only by the non-specific and not by the specific ChE. More recently 
other authors have used other choline esters; Kothenberg (1945), 
for instance, employed phenylacetylcholine which is split only by 
the non-specific ChE. 

A biological method has been proposed by Denys and L£vy (1947 a), using 
frog muscle and various choline esters. 


D, Units Used in Expressing Cholinesterase Activity 

( 1 ) Nachmansohn’s Q and A. A very useful unit of tho ChE 
activity is Nachmansohn’s Q (Nachmansohn & Lederer, 1939 b). 
This is mg. ACh hydrolysed in 60 min. by 100 mg. tissue at 20° C. 
In later investigations Bothenberg and BAcnjiANSOHN (1947) have 
used the unit A or mg. ACh hydrolysed in GO min. by 1 mg. protein. 

Jones and Tod (1935) assigned ml. CO. evolved per minute by 
the effect of serum. Otherwise, the ChE activity is expressed as the 
volume of CO. in p.l. evolved in 60 min., or sometimes as tho quantity 
of ACh in p.mol. hydrolysed during the same time period. 

( 2 ) Augustinsson’s Cf and 630. Of signifies the quantity of ACh 
in p.mol. destroyed in 60 rain, by 1 mg. dry substance (Augustinssox, 
1944). In this paper the ChE activity is symbolised by bso which rcjire- 
sents the amount of CO. in p.l. evolved during 30 min. (Chapter III). 
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E. Cholinesterase Preparations 

Purified preparations of serum CliE have been obtained by Sted- 
MAN and Stedman (1935 b) by fractional precipitation with ammonium 
sulphate. A similar method was used by McMeekin (1939) who tried 
also precipitation with lead acetate. Click, Glaubach and Moore 
(1942), applying the electrophoretic method for the separation of 
serum proteins, found that ChE is associated with the a- and /9- 
globulin fractions. According to Faber (1943 b) and Augustinsson 
(1944) ChE is precipitated by ammonium sulphate in the albumin 
fraction and a close relationship seems to exist between these two 
substances. Other investigations have also shown that the enzyme 
activity is limited to the albumin fraction. 

Methods for purifying serum ChE are described also by Augustins- 
son (1944) and Strelitz (1944). The principle of the first method 
is described in Chapter IV. Bader, Schutz and Stacey (1944, 1945) 
have isolated a crystalline serum mucoprotein with high ChE activity 
(cf. Mendel, Eudney & Strelitz, 1944). 

The preparation of ChE of red blood cells may be performed by 
adsorbing the enzyme on infusorial earth (Mendel & Eudney, 
1943 a), or by extracting it with ammonia solution of pH 8.3 (Men- 
tha, Sprinz & Barnard, 194Y). A further method is described 
by the present author in Chapter IV. 

The first experiment with purified ChE of animal tissue (electric 
organ) was carried out by Nachmansohn and Lederer (1939 a, b). 
Eecently, Eothenberg and Nachmansohn (1947) have described a 
method for the purification of ChE from the electric organ of Electro- 
pJiorus by fractional ammonium-sulphate precipitation. In the solu- 
tions obtained, 1 mg. of protein split 20 000 to 21 000 mg. of ACh 
per hour. Mendel and Mundell (1943) have described a method 
of preparing "pseudo-ChE” from dog pancreas. 

Chowdhuey (1942) has purified ChE from snake venom by fraetional pre- 
cipitation with sodium sulphate and ammonium sulphate. Continuous purifica- 
tion with electrophoretic and adsorption methods gave praetically “pure” ChE 
(Chowdhuey, 1944), the isoeleetric point of which was 6.55 (6.9) (Chowduhby, 
1946). ChE of snake venom has also been studied in an isolated state by Saekae, 
Maitra and Ghosh (1942). 


F. The Properties of Cholinesterase 

1. Chemical Nature of Cholinesterase 

ChE is a protein. The isolelectric point has been determined by 
Augustinsson (1944) and fixed at pH 4.3G for serum ChE and pH 
erythrocyte ChE (horse) (cf. Chowdhury, 1942, 
V. ” j ^ enzyme which is inactivated by dialysis may be reactivated 
by adding the dialysate (Nachmansohn & Lederer, 1939 b) or 
metallic ions (Massart & Bufait, 1939 a, 1940 b, 1941 b; Nach- 



26 


iiANSOHK’, 1940 b). Primarily, bivalent ions show this effect. According 
to IMassabt and Dufait, Ca^^ is tbe physiological activator of ChE. 
ITachmaicsohn' and Ledeeee (1939 a, b) have assumed that the 
ChE mplecnle (electric tissue) contains sulphydryl groups. They have 
shown that the enzyme is inhibited by those substances (e.g., maleic 
acid, oxidised glutathione) which are capable of transferring SH groups 
to SS groups. These results are at variance with those obtained in 
the present investigation performed with enzyme preparations from 
warm-blooded animals (see Chapters IX and XT ) 

Baexaed (1943, 1946) has assumed a possible haeme nature of ChE. 

2. Factors Influencing the Kinetics of Cholinesterase 

a) Effect of concentration of enzyme. All experiments carried out 
in order to find the relationship between the rate of ChE action 
and the concentration of the/ enzyme have shown that a direct 
ratio exists, within the rather wide variation of the latter. This 
relationship will be discussed more fully in Chapter VIII. 

According to Eassox and Stedsiax (1936), each active ChE centre can hydrolyse 
1 500 molecules ACh per sec. (the “curnover number”). The molar concentration 
of ChE centres in undiluted serum (horse) is 7 X 10~^. The experiments of Claek 
and Ravextos (1938) made on the isolated frog auricle indicated that the ChE 
activity of the amricles is equal to that produced by a concentration of enzyme 
centres equal to 2 X 10~-^. Steaus and Goldsteix (1943) and Goldsteix (1944) 
have estimated the molar concentration of ChE centres in 4.54 % serum (dog) 
to be less than l.S X 10“®. 

b) Effect of concentration of substrate. The study of the relationship 
between the acti^dty and concentration of the substrate has been of 
great interest in the development of our knowledge of the ACh- 
hydrolysing factor. This relationship was one of the first clues in 
the separation of the two different types of ChE. Thus the specific 
ChE is said to be inhibited by excess of substrate, whilst the non- 
specific ChE is not (p. 20). Before research had progressed so far, 
several investigations were carried out in order to find out how 
the reaction velocity was influenced by the concentration of ACh. 
In these studies blood serum was used. A detailed account on the 
activity-substrate concentration relationship will be found in Chapter 
IX. 

c) Effect of concentration of hydrogen ions. At pH 2, the non-specific 
ChE (horse serum) is completely destroyed; on the alkaline side the 
enzyme activity starts to decline at pH 11 (Weele & Uebelmaen, 
1938; Augtjstxessoe, 1944; Steelitz, 1944; Mihailesco, 1946). With 
the specific ChE (erythrocytes), preparatory experiments have 
shown that at pH 4.5 the enzyme is already completely destroyed 
(cf. p. 58 and Augustinssoe, 1944). The stability at alkaline reac- 
tions also seems to be less than for the serum ChE. In this respect, 
the brain ChE (ox) is much the same as the erythrocyte ChE (Aegu- 
STiifSsox, 1945). 

The optimum pH of ChE has been determined by Easson" and 
Stedjiait (1936), Beexhedi and Beenheim (1936), Click (1937 a. 
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1938 a) and Werle and Uebelmann (1938). The values were 
8 0 8.4 * 8.;> and 8.0 — 8.5 respectively. AH these experiments were 
carried ’out ’with the non-specific ChE (scrum). For the specific 
ChE (erythrocytes), Alles and Hawes (1940) obtained a somewhat 
lower value for the optimum pH, 7.5 — 8.o. Similar observations had 
previously been made in 1928 by Platticer etal 

d) Effect of temperature. ChE in tissue extracts is fairly stable, 
this applies particularly to glycerine extracts (Click, 1937 a; Rie- 
CHERT & ScHKARREKBERGER, 1942). For blood scriim this has been 
shown by several authors (cf., however, Vikcent & Brygoo, 194o). 
Zachowski and Ammon (1943) demonstrated that in blood kept in 
different ways the ChE activity increased with time. This was 
thought to be due to the slow passage of CliB from the red cells 
into the plasma. A 42 year-old sample of horse blood (haemoly.scd) 
collected aseptically and preserved in the dark at room temperature 
contained up to 85 per cent of its original CliE activity (Keilin & 
Wang, 1947). 

At about 56°C, the enzyme begins to be destroyed (Loewi & 
Navratil, 1926; Plattner & Hintner, 1930; Click, 1939 b), 
at 70°C the activity is quite lost (Abkerhalpen & Paferath, 
1926; Kahane & Levy, 1936 a; Wieczorek, 1937). Evaporation 
of blood and tissue extracts gives active dry powders (Bernheim & 
Bernheim, 1936); drying with acetone, however, destroys the en- 
zyme (Nachmansohn & Leberer, 1939 a). The freezing-drying 
process does not affect the ChE activity (Anfinsen, Lowry & 
Hastings, 1942; Boell & Shen, 1944; Boell, 1945), shown also 
by the present author wdth sea-urchin eggs (p. 71). 


The temperature coefficient of ACIi liydrolysis by blood was determined by 
Plattner etal. (1928), Vahlquist (1935), Abdon and Uvxas (1937), and Gnicic 
(1939 b). 

The critical increment (apparent energy of activation) Avn.s about .5 000 Cal. 
The optimum temperature of the ChE activity of scrum and nerve tissues is 
37-40’ C (KAimNE & Livv, 1930 a; Clark cl al, 1938; Glick 1939 b; Piguiki, 
1939 a; Genoit & Labenz, 1941). 


e) Ejicet oj light and other radiations. As regards the visible spectrum nothing 
is known of the influence of its different components on ChE. 'The enzyme seems 
to be unaffected hy ultraviolet light (cf., however, Stuttgen, 1947) and the light 
of fluorescence (Engei.hart & Loewi, 1930). Kwiatkowski (193G) lias reported 
that X-rays liavc no definite effect on ChE. 


3. Activators 

a) Metallic ions. In the first place, certain bivalent metallic ions- 
ac as activators on ChE. This has been shown by several groups 
(Massart & Dufait, 1939 a; Dufait & Massart, 
ig^’b^^SivT ’ ^ * Strelitz, 1939, 1940; Nachmansohn, 

9Mb; The ’ f 1943; Scoz & de Michele 

tude of thoQ different opinions regarding the ampli- 

Stive S to Nachmansohn, Mg=4- is more 

etlective than Ca=>-*-. Sr=+ seems to activate weakly, Ba=-*- and Cd=>+ 
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have no effects at all. Cu2+ and Co^+ inhibit ChE action and Ni2+ 
is an activator or inhibitor, according to the concentration used. 

Eegarding the actions of monovalent ions (K+ and Na+) the dis- 
agreements have been considerable. They are resolved, however, if 
we own that ChE from various sources have been studied. Thus, Nach- 
MANSOHN (1940 b) found that these ions activated the enzyme of 
Torpedo electric organ. Click (1941 c) observed an activation of 
rat serum ChE by K+ and Na+, but this was not the case with horse 
serum. Alles and Hawes (1940) claimed that the ChE of red blood 
cells but not that of serum (man) was activated by NaCl (cf. Eoepke, 
1937). In earlier papers, Mendel’s school (p. 20) reported an inhibit- 
ing action of K+, also found by Feommel et al. (1944). Eecently, 
Mendel and his co-workers (Mendel & Eudney, 1945; Hawkins 
& Mendel, 1946) described the action of K+ in more detail (cf. p. 
97). The action of KCl and in some cases of LiCl has been studied 
in detail by the present author (Chapter IX). 

b) Organic substances. Keeser (1938) reported an activation of serum ChE 
(man, horse) by glutathione, sympathol, and pilocarpine. NACHjrANSOHK and 
Lederer (1939 a, b) found such an activation only with reduced glutathione 
(and also cysteine). Regarding the actions of sympathol and pilocarpine other 
investigators could not confirm Keeseb’s results (see Table 4). 

The ChE activity seems to be increased by glucose, hydrocyanic acid, and salicyl 
aldoxime (Nachiviansohn & Lederer, 1939 b), by ammonia (Seidlitz, 1939; 
Frommel ct al., 1944), and by neutral fats, palmitic acid, and oleic acid (Forbes, 
Outhouse & Leach, 194:0). Aron, Herschberg and FROMiviEii (1944) have found 
that glycine, alanine, proHne, and particularly arginine, lysine, and histidine 
potentiate the action of ChE both in vitro and in vivo. 

An activator of ChE of unknown chemical composition has been found in 
impure preparations of kallikrein (Werle & Stuttgen, 1942), Another substance 
augmenting the ChE activity of rat heart muscle was obtained by Weight and 
Mendel (1946). 

Granzner (1939), Bubino (1940), and Frommel, Herschberg and Piquet 
(1943) have obtained activation of serum ChE in vivo by vitamin C, but further 
investigations by other vrorkers have not confirmed this (Table 4). In female 
rats the ChE activities of brain, serum, and liver seem to be reduced in E-avita- 
minosis (Bloch, 1942). The activity may be regained by adding dl-«- tocopherol 
acetate to the vitamin E-free diet of controls. 


4. Inhibitors 

A great variety of substances has been studied regarding the in- 
hibition of ChE (see Ammon, 1943; also Zipf, 1942). A list of such 
substances, not previously published, is found in Table 4. The more 
important characteristics of the various ‘‘anticholinesterases’’^ will 
now be discussed briefly. 

a) Urethanes.. Of all the agents which inhibit ChE activity none 
(except DFP and HTP, p. 34) can compare in potency or specificity 
with physostigmine (eserine), the most important alkaloid derived 

The word "anticholinesterase” is frequently used, especially in pharmaco- 
logical literature, for designating a drug which exerts its pharmacological activity 
by inhibiting ChE. The existence of a true anticholinesterase, that is, an immune 
body (antibody) produced by animals as the result of parenteral injections of 
ChE, has not yet been demonstrated. 
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from tlie calabar bean. In minute amounts (10 ® M) pbysostigmine 
protects ACh from enzymic hydrolysis and its pharmacological 
action is probably accounted for by this. The enzyme is not de- 
stroyed by physostigmine, but only combines reversibly with the 
drufT. In vitro, physostigmine may be freed from this combination 
by dialysis. In vivo, it is released from this combination by break- 
down of the drug or its excretion in the urine. 

Stratjs and Goldstein (1943) and Goldstein (1944) have studied, in more 
detail than previous investigators (e.p., Stedman Sc Stedaian, 1931; Easson & 
StedMan, 1936; Zellee, 1942 b; Eadie, 1942), the mechanism of enzymc-inhibi- 
tor-substrate reactions, illustrated by the ChE-pliysostigmine-ACh system. 
The inhibition of ChE was said to bo competitive and one molecule of physostig- 
mine (or ACh) combines with one centre of ChE (horse serum) (see Chapter IX}. 
The dissociation constant of the enzyme-inhibitor complex was found to bo 
3.11 X 10^*^. — The quantitative relation between the dosage of physostigmine 
and the inhibition of ChE activity in the blood serum (dog) was studied by 
ICrayek, Goldstein and Plaohte (1944). 

It has been suggested (Stedman & Stedman, 1931) that the anti-ChE action 
of physostigmine is due to the urethane group. Also other urethanes (e.g,, pros tig- 
mine and miotine) have a similar effect compared with that of physostigmine; 
urethane itself, however, is very little active. But Bloch (1939) found that phenol 
bases containing no urethane group have actions like physostigmine. And, according 
to Mass ART and Dufait (1940 c), the inhibiting action is duo to a dissociating and 
substituted ammonium group (cf. below). 

Ellis et at, (1943) studied the pharmacological and chemical properties of 
physostigmine together with its breakdown products. As a method for the estima- 
tion of physostigmine at low concentrations (10“** to 10“® M) these authors proposed 
the inhibition of horse-serum ChE. 

In addition to acting through its anti-ChE property, physostigmine is also 
said to exert a direct action on muscles. Moreover it is Imown that the inhibition 
of ChE does not itself completely explain the effect of physostigmine (cf. Man- 
ning, Lang & Hall, 1937; Kahane & LtvY, 1937 a; Meng, 1940; Cantoni & 
Loewi, 1944; Babsky & Korenevskaja, 1946), 

The pharmacological actions of prostiginine, a synthetic alkaloid, 
are qualitatively similar to those of physostigmine. This is also true 
for its probable mechanism of action, ^.e., the inhibiting effect on 
ChE. 

Prostigmine is employed in myasthenia gravis with beneficial results and gives 
better clinical results than physostigmine. However, it is not clear whether these 
results can he ascribed to the anti-ChE property of prostigmine. The serum ChE 
is markedly decreased by therapeutic concentrations of prostigmine, hut whether 
this is also the case with muscle ChE is far from being established (cf. Jones & 
Stadie, 1939). More recent investigatious on the pharmacology of prostigmine, 
however, suggest that several of the ejEfects of this substance are not related to 
its anti-ChE action (Mendez & Ravin, 1941; Heymans, 1946; Riker & Wescoe, 
1946), 

of prostigmine have been prepared by Aeschlemann and Stempel 
(m46) and their activities determined. With these substances Lehmann (1946) 
obtained a quantitative relationship between the inhibiting effect and ‘‘curare- 
like potency, also shown by Bulbring and Chou (1947). The anti-GliE activities 
ot such substances have also been studied by Blooh (1939), and Hawkins and 
Gunter (1946). 

^ Quaternary and tertiary ammonium bases. The differences in anti- 
OnE action of the quaternary and tertiary amines have been in- 
vestigated by Sanz (1945). It was observed that bases with quaternary 
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ammonium groupings are very strong inhibitors of the specific ChE, 
whilst the tertiary amines inhibit the non-specific esterase more 


powerfully* ^ 

All quaternary ammonium bases are strong inhibitors of ChE (except 
betaine), thus choline (see Chapter X) and its derivatives inhibit the 
enzyme. The action of neurine, not previously studied in this con- 
nection, is considered in Chapter XI. Methylene blue and other 
basic dyes containing a dissociable quaternary ammonium ion, are 
potent inhibitors of ChE. The leuco forms, which are not quaternary 
ammonium bases, have no inhibiting effect. The anti-ChE action of 
methylene blue is discussed more fully in Chapter XI. 


In addition to the salts of physostigmine and miotine other tertiary amines 
have been investigated for their anti-ChE action. Bufotenine^ the structure of 
which is similar to that of physostigmine, is a very active inhibitor. Atebrine 
inhibits ChE strongly; on the other hand, the new antimalarial drug paludrine, 
has little affinity for ChE, Cocaine, novocaine, and other local anaesthetics be- 
longing to the same category potentiate ACh action strongly. No connection be- 
tween chemical constitution and anti-ChE action appears to exist in this case, but a 
certain correlation is to be foxmd between anti-ChE activity and pharmacological 


action. 


c) Amines and amides. Prolonged administration of barbiturates causes serum 
ChE to reach low values. This action is said to be due to a lowering of the enzyme 
concentration rather than to a competitive or non-competitive inhibition. In 
addition the ChE activity of the spinal cord and muscle are considerably reduced, 
although the activity of brain tissue remains unchanged. 

The action of p-aminobenzoic acid and the sulphonamides on ChE has been 
investigated, especially by Zeller, who found definite inhibition in all cases. 
The affinity of 2}-aminobenzoic acid for ChE was considerably greater than that 
of the sulphonamides. The degree of inhibition was different for various ChE 
preparations. Other investigators did not find any action with the sulphonamides. 

Inconsistent results have also been reported with adrenaline and its related 
substances. Adrenaline increases the response of the muscle to ACh (Torda. & 
WoLEP, 1946), but this increase is probably due to a different mechanism than that 
operating during sensitisation of muscle to ACh by physostigmine. In the nervous 
system adrenaline, in low concentrations, augments the effect of ACh, whilst 
in higher concentrations it depresses it (review: Burn, 1945), These effects may 
he explained by an anti-ChE action of adrenaline or its breakdown products, 
but such an explanation does not cover all the observed facts in this complex 
problem. 


Weight (1946) found that tho phenanthrene amino alcohols are very effec- 
tive inhibitors of the ChE of human blood plasma (non-specific ChE), the dipro- 
pylamino derivatives having the highest activity. Much higher concentrations are 
required to inhibit the er^hrocyte enzyme (specific ChE), 

The action of chemical vesicants on ChE (brain, skin, serum) was investigated 
by *^OMPSON (1947) (cf. also the review by Peters, 1947). The enzyme was strongly 
inhibited hy certain chloroaUjyl amines, less by mustard gas and various arsines, 
still less by lewisite. Thompson thinks that some of the pathological effects pro- 
duced by these vesicants may be due, in part, to an inhibition of the ChE at oholin- 

British Anti-Lewisite (BAL) seems to have a weak 
inhibiting effect on ChE^ (Barron, Miller & Meyer, 1947), 

d) Nttrogen-heterocydio compounds, A great variety of alkaloids has been in- 
vestigated with regard to their anti-ChE activities, A comprehensive study is 
B^eauj^^^( 19?3)^^^^^ 8, synopsis of which is given by Vinoent and 

Atropine and its isomer hyoscyamine, inhibit ChE only slightly, although 
mo^ probably this effect plays no significant rolo in the action of ACh. 

^ related substances have relatively strong anti-ChE actions, 

the inhibition being found for both specific and non-specific ChE. Quinine, on 
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the other hand, has less affinity for specific ChE than for other esterases (Chapter 
XI), 

Antipyrine and other pyrazolone derivatives are inhibitors of ChE. Aecordina 
to Zeli.eb, the non-specific ChE is more strongly inhibited than the specific one. 
On the other hand, caffeine is said only to inhibit the specific ChE (Chapter XI)! 

A very strong inhibitor of ChE is the alkaloid from Tabernanthe ihoga, ibogaine,* 
the action of which is said to be of the same order as that of physostigminc. 

e) Alhyl fluorophosphates. These recently discovered substances act 
as powerful inhibitors of ChE both in vivo and in vitro. The dimethyl 
ester was the first (1941) to be investigated (Adkian, Eeldbeeg & 
Kilby, 1947). The most active one is di -isopropyl fluorophosphate 
(DPP) which produces an inhibition even in a concentration of 10“* ‘ 
M (Dixon et al.-, for references, see McCombie & Saunders, 1946) 
and is the most powerful and specific enzyme inhibitor known. In 
contrast to the inhibition of ChE by physostigminc, the action of 
DPP is progressive and irreversible (Mazur & Bodansky, 1946). 
The inhibition is said to be specific for ChE and selective for the non- 
specific esterase (Hawkins & Mendel, 1947; cf. Bodansky, 1946). 
These results have been confirmed in various quarters and the in- 
vestigation of these interesting substances is still progressing. 

Extensive pharmacological and biochemical studies have been carried out on 
DEP during the War, especially in America (EdgewOod Arsenal). The reader is 
referred to the vols. 87—91 (1946—194:7) of the J* Pharmacol, (papers by C 031 ROE,, 
Gilman Koelle, and others) and to the papers by Gbob, Lilienthal, Harvey 
and Jones (1947). 

f ) Alkyl folyphosjihates. Another recently discovered group of potent inhibitors 
of ChE are the tetraethyl pyrophosphate and hexaethyl tetraphosphate (HTP), 
introduced as insecticides during the War by the Germans. The anti-ChE activity 
of these compounds 'vVas shown by DtrBois and Mangtjn (1947) and Chad%vick 
and Hill (1947). They are said to be more active than DPP and their effects 
may be at least in part due to their inhibition of ChE. 

g) Alcohols, phenols, aldehyds, acids, etc. Methanol and ethanol in high concentra- 
tions inhibit ChE. Chloroform is 40 times more active than ether and 1/500 as 
active as physostigmine. 

Among the three possible isomers of tricresyl phosphate, the 0 - and m-derivatives 
inhibit the serum ChE in vitro, the p-derivate does not. Jn vivo, only tri-o-cresyl 
phosphate acts as an anti-ChE. 

The sodium salts of a series of bile acids are inhibitors of ChE which probably 
explains the observation that bile is not ChE active. The characteristic lowering 
effect on the blood pressure caused by bile salts, however, is not due to an inhibition 
of ChE (SCHACHTER & DWORKIN, 1942). 

h) Thiol reagents. As shown by Eachmansohn and Ledeeer (1939 a, b) ChE 
belongs to those enzymes the activity of which is dependent upon free sulphy- 
dryl groups. Thus it was found that substances capable of transferring SH groups 
to SS groups have anti-ChE properties. The influence of cystine on ChE is discussed 

in Chapter XI. . ^ 

In a study on the effect of high oxygen pressures upon various enzymes, Stabie, 
Riggs and Haugaarb (1945) have shown that ChE is an example of an SH enzyme 
resistant to oxygen at increased pressure. 

i) Vitamins. The actions of vitamin Bj (aneurine) (p. 15) and vitamin E (p. 

28) respectively on ChE have been reviewed above. Inconsist ant results have been 
reported for the action of vitamin C on ChE activity (cf. p. 28). Menadione (a 
vitamin K analogue) in concentrations more than 10“^ M. seems to inhibit the 
esterase. ^ 

j) Hormones. The only hormone which has a significant effect on serum ChE 
is vagotonine, a preparation from pancreas which increases vagal tone and slows 
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the heart. Vagotonine is said to combine with the same group of the enzyme mole- 
cule as does physostigmine (Polonovski, Sautknoise & Pelou, 1943). 

k) A7iio7i3, CliE is greatly inliibited by fluoride, oxalate, citrate, arscnite,and 
pyrophosphate. Presumably these effects are due to a removal of Ca“+ or Mg'+ 
which are said to be activators of ChE, Cyanide lias no effect on serum ChE. 

l) Metal salts. Prommee et al. (1943, 1944, 1946) have made an especial in- 
vestigation into the effect of various inorganic salts on ChE both in vitro and 
in vivo. None of the substances investigated, summarised in Table 4, has thro'Nvn 
any new light on the nature of CliE (cf. p. 27). 

m) Other substances. While Kark (1938) did not find any action of RaEm 
on serum ChE, Keeser (1943) has reported that the activity of blood is decreased 
after drinking water containing RaEm. Both tetanus toxin and diphtheria toxin 
are said to inhibit ChE activity, but according to A3IM0N (1943) the toxins them- 
selves have no effect, the inhibition being due to impurities. 
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Chapteb III 
METHODS 

A. Manometbic Method in Detebmining Cholinesteease 

Activity 

1. Use of Wabbdbg Manometrio Apparatus 

Tlie ChE activity was measured by tbe Wabbhkg manometric 
method, in the modification used here, described by the author 
(Augustinsson, 1944:) (cf. p. 23). The method is based on the mano- 
metric estimation of the volume of CO2 evolved from a bicarbonate- 
containing system by the acid formed in the ester hydrolysis. 

Conical flasks, each of 15 — 20 ml. volume, with one side bulb were em- 
ployed. The flask constants were determined by the calibration method 
using mercury. The manometers were filled with Beodie’s solution, 
containing 23 g. NaCl and 5 g. sodium choleate in 500 ml. water; 
a few drops of an alcoholic solution of thymol were added. The 
fluid was coloured with methyl violet; indigo carmine has been used 
also, but it tends to decompose in the manometer. The density of the 
solution is I.034, and 10 000 mm. Brodie corresponds approximately 
to 760 mm. Hg. 

The flasks were carefully cleaned; grease was removed with ether. 
They were washed with water and placed in cleaning solution over- 
night. The cleaning solution was prepared by dissolving 50 g. potassium 
dichromate in 35 ml. hot water and adding cone. H2SO4 to 1 litre. 
Finally, the flasks were rinsed several times with distilled water and 
dried in drying chamber. 

The grease used in lubricating the joints was anhydrous lanohne. 

The flasks and manometers were shaken at about 90 complete 
oscillations per minute. The shaking amplitude was about 7 cm. 
In most cases, the temperature of the water thermostat was 37.6 ± 
0.0 5°C unless otherwise stated. For convenience, the temperature 
of the thermostat at the Biological Station of Eoscoff was maintained 
at 25.0 ± 0.1°C. 


2. Measurement of Activity 

The volume of the reaction mixture has always been 2. 00 ml. 
In the main compartment of the flask I.60 ml. of the substrate 
solution was placed and in the side bulb 0.40 ml. of the enzyme 


37 


solution or a mixture of 0.2 o ml. of the enzyme solution and O.20 
ml. of the inhibitor solution. Substrate and enzyme preparations 
were dissolved in a bicarbonate-buffer solution (see p. 38). 

The hydrolysis was carried out in a gas mixture of 95 per cent 
N2 and 6 per cent CO2 by volume. CaCOs is formed if the solution 
is not in equilibrium with at least 5 per cent CO2, when the optimum 
conditions are changed and the evolution of CO2 is disturbed. The 
solutions were saturated with the gas mixture and the flasks filled 
after they had been attached to the manometers. Before the enzyme 
solutions were mixed with the contents of the main portion of the 
flask the temperature equilibrium was attained by shaking in the 
water thermostat for about 15 minutes. 

The shaker was stopped. The first manometer was read, lifted from 
its mount, the contents were mixed at zero time, and the manometer 
was placed back on its mount and the shaker started again. At one 
minute intervals the contents of the other flasks were similarly 
mixed. Usually, each series included six to eight experiments. Each 
manometer was read at 6 to 10 minute intervals, one minute between 
each manometer-reading. Headings were made continuously for 40 
to 60 minutes. 

In all experiments a thermobarometer was used, filled with 2. 00 
ml. water or with the same volume of the substrate solution of the 
same concentration as that in the reaction mixtures. Corrections for 


thermobarometer changes (due to alterations in temperature and 
pressure, and eventually to the non-enzymic hydrolysis of the sub- 
strate) were made. 

The results were recorded in tabular form, the shape of which 
is shown in the Appendix (p. 182). The amount of CO2 expressed in 
p.1. was plotted against time. The initial slope of the curve (in most 
cases a straight line), minus the slope of the curve for non-enzymic 
hydrolysis was then taken as an expression of the enzyme activity 
extrapolated 30 min. value (= Ojo), minus the amount 
of CO2 evolved during the same time period by non-enzymic hydro- 
ysis, has been used as unit in expressing the esterase activity and 
symbohsed by 630- Expressed in p.mol. substrate hydrolysed during 
the same time period, the activity is 53o/22.4 nmol. One u.l CO- 
corre^onds to 8.1 p.g. ACh chloride, or l.o mg. ACh chloride = 123.5 

reliability of the method has been determined in some experi- 

^ /®ries of _18 determinations of the activity of a ChE 

Sthe standard deviation was 2.o p.l. 

ana tne mean 131.2 ± 0.5 pi, COa, 


B. Determination op pH 

the aoeu- 

ower. Indicator paper has been employed also in 



38 


some preliminary experiments when greater exactness was not neces- 
sary. This has been the case in the determination of enzyme 
stability at various pH values and in some experiments of purifying 


Chaptek IV 
MATERIALS 
A. Bueeer Solutions 

In most cases the experiments have been carried out in a bicarbo- 
nate-RiNGER's solution (R30), the composition of which is given in 
Table 5 . This solution, made by substances of highest purity and 
distilled water, was used for dissolving the substrate and diluting 
the enzyme preparations. In some cases it was also employed in 
extracting the enzyme from the disintegrated tissue. Eresh E30 was 
always prepared before use, since the solution deteriorates if kept. 
The pH of E.30, saturated with the 112-002 gas mixture, was 7 . 40 . 

In experiments of determining the effects of K"*" and Ca^'*' or of 
other substances on ChE, the substrates were dissolved in a solution 
containing only NaHC 03 , of the same concentration as that of the 
Rso- 

The phosphate buffer, used in some preparatory experiments, was 
made from Na 2 HP 04 and KH 2 PO 4 and had pH 6 .co. 

Table 5. Composition of the Bicarbonate Ringer’s Solution {R-io) 


Solution 

% 

(w/v) 

ml. 

Molarity 

NaCl 

0.90 

100 

1.15 X 10~' 

NaHCOa 

1 . 2 c 

30 

3.36 X 10'“ 

KOI 

1.20 

2 

2.40 X 10~“ 

GaCh. 6 H ,0 

1.76 

2 

1.20 X 10~3 


B. Substrates 

The substrates used are listed in Table 6 which shows the abbre- 
viations used in this paper, molecular weights and stabilities of the 
various substances. 

Eor each experiment fresh solutions of the substrates (in R30) were 
made and the spontaneous hydrolysis determined. A O.25 per cent 
(w/v) solution (No. 3 ) was employed unless otherwise stated. When 
the activity-substrate concentration relationships were studied, six 
solutions of each substrate were used with the following concentra- 
tions: 

Solution No. 12 3 4 5 6 

Percentage concentration (w/v) 2.50 0.75 O.25 O.075 O.025 O.0075 
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Tlie final molar concentrations of the substrates after mixing the 
enzyme solutions or E 30 (in the studies of non-enzymic hydrolysis) 
with the substrate solutions are found in Table 9 (p. 48—4:9). 

Acetylcholine "was usually used in the form of the chloride, but the 
bromide and iodide have been employed in some experiments. 

ACh bromide and iodide are more convenient for laboratory experiments 
than the chloride, as they are much less hygroscopic than the latter. The two 
salts, however, have been available only in small quantities and the ACh per- 
chlorate, which is said to he completely non-hygroscopic (Cabr & Belu, 1947), 
has not been available at all. In most cases the bromide is enzymically hydro- 
lysed at the same or at a somewhat lower rate than the chloride. Tlio iodide has 
always been found to decompose at a lower rate (75—85 per cent of the hydrolysis 
of the ACh chloride). In such comparative experiments, both the specific (ciythro- 
cytes, brain) and non-specific ChE (serum) and other types of this esterase (Helix 
blood, the dart sac) have been used. In experiments performed with horse serum, 
Guck (1938 c) obtained no effect upon the enzymic hydrolysis of ACh when the 
associated anion in the substrate was changed. 

As regards acetylsalicylic acid as substrate, the acid was neutralised 
witb O.i-M NaOH and used immediately after neutralisation. The 
tributyrin solutions (emulsions) were thoroughly shaken for one hour 
before use. 


C. Other Chemicals Used 


1. Substances Used in Preparatory Experiments 

The following chemicals were used in preparatory experiments: 

Distilled loaler has been used as solvent in all experiments. 

Ammonium sulphate of high purity was employed in the purification of ChE 
from various sources. 

Hydrochloric acid, O.l M. 

Collodion, 4 per cent, according to the Swedish Pharmacopoeia was used in 
preparing membranes for dialysis. 

Heparin (VrrauM), 1 per cent solution, was employed for delaying the clotting 
of blood; 1 ml. in 100 ml. blood. 

_ Sand. Pine sea sand was washed with concentrated H.SO4, then serveral times 
with distilled water, and dried in drj'ing chamber. 

Infusorial earth (Colemak & Bell) was used in some preliminary experi- 
ments in order to adsorb the enzyme in purification procedures. 

^solecithin, prepared from egg-yolk,^ was employed in a 0.1 per cent solution 
of 1.2G per cent bicarbonate solution. 


2 . Substances Used for Influencing Cholinesterase Activity 

The substances of highest purity were dissolved in distilled water, 
ine concentrations of the solutions were as shown in Table 7. In 

placed in the side bulb together 

mine Rnlinirlpi- ^ ^ enzyme preparation. The solutions of physostig- 

^me^sa^late were always made immediately before use in each case. 

Cell Physiblo^’^at^°Wranlr^r^'^^^^ placed at my disposal by tho Department of 
sity of Sockholm. Institute for Experimental Biokgy, Univer- 

4 — 
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Table 6. 


Substrate 

Abbre- 

viation 

Formula 

Acetylcholine chloride .... 

ACh 

[{CH3)3N-CH2-CH.-0-COCH3]01 

Acetylcholine bromide .... 


[(CH3)3N-CH3-CH3-0-C0CH3]Br 

Acetylcholine iodide 


[(CH,)3N-CH2-CH3-0-C0CH3]I 

Dll- Acetyl- /^-methylcholine 
chloride (Mecholyl) 

MeCh 

[(CH3)3N-CH3-CH(CH3)-0-C0CH3]C1 

Carbaminoylcholine chlo- 
ride (Doryl, Lentin).... 

CbCh 

[(CH3)3N-C!H3-C!H3-0-C0NFJCt 

Benzoylcholine chloride . . . 

BzCh 

[(CH3)3N-GH3-CH3-0-C0C3Hj]C1 

N- Acetyl-^)-aminobenzoy 1 - 
choline chloride 

AAmBzOh 

[(0H3)3N’-CH2-CH3-0-C0CeHiNH-C0CH3]C!l 

Salicylcholine chloride 

SaCh 

[(CH 3 ) 3 N-CH 3 -CH 3 - 0 -C 0 CeH 40 H]Cl.H 30 

Acetylsalicylcholine chlo- 
ride 

ASaCh 

[{CH 3 ) 3 N-CH 3 -CH 2 - 0 -C 0 C 3 H 40 -C 0 CH 3 ]C 1 

Acefcylaneurine chloride 
hydrochloride 

AAn 

[CiiHjgOjNiSJCa.HCl (cf. Table 2) 

Acetylsalicylic acid 

ASa 

HOOC-CeHi-O-COCHj 

Tributyrin 

TB 

C3H303(C0-CH3-CH3-CH3)3 

Ethyl acetate 

EA 

C 3 H 5 O-COCH 3 


Table 1. Substances Used for Influencing Cholinesterase Activity 




Concentration 

Substances 

Mol.wt. 

Solution used 
% 

Reaction mixture 
M or % 

FhysOSt'igTninfi salieylate ...... 

413.46 

0.0015 

3.63 X 10-® M 

jPotassiT^m nhlnride 

74.55 

7.45 

0.10 M 

Tilth in rn chloride 

42.40 

4.24 

0.10 M 

Olnpelne 


0.50 

0.05 % 

Onro arahifi 


0.50 

0.05 % 

Methylene bine 

373.90 

0.15 

4.01 X 10-^ M 

flfl-ffelne 

212.21 

0.15 

7.07 X 10-^ M 

Quinine hydrochloride ........ 

396.91 

0.15 

3.78 X 10-^ M 

■nT—nxrHf ine .................a 

240.29 

0.15 

6.24 X 10-^ M 

"NTAiTrine t>rmnide. ............ 

166.07 

0.15 

9.03 X 10-^ M 

Choline chloride 

139.63 

See Chapter X 1 


D. Enzyme Preparations 

Enzyme preparations have been made from tissues and body 
fluids of various animals listed in Table 8. Tbe material bas been 
placed at my disposal by tbe Departments of Pathology, Physiology, 
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Substrates 


Mol. wti. 

Stability 


in air 

in water 


181.60 

Very hygroscopic 

Very unstable 

Hoffjiann-La Roche & Co. 

226.12 

Less hygroscopic 
than the chloride 

Unstable 

Light & Co. 

273.13 

Non-hygroscopic 

Unstable 

Light & Co. 

195.69 

Hygroscopic 

Not very stable 

Mekok & Co. 

182.65 

Non-hygroscopic 

Fairly stable 

BuRROUons Welecome & Co. 

243.73 

Non-hygr oscopic 

Not very' stable 

Hotma3:7H-La Roche & Co. 

300.78 

N on-hygroscopic 

Not very stable 

Synthesised according to 

EniiEE and Hasselquist (1945) 

277.74 

Non-hygroscopic 

Very unstable 

Synthesised according to EtTHEB ct 
al. (1945) 

301.77 

Nou-hygroscopic 

Very unstable 

LKB, Stockholm (cLEtoeh, Hassel- 
^ QUisT & Hogbeko, 1944) 

379.31 

Non-hygroscopic 

Not very stable 

HoF3?arAHN-LA Roche & Co. 

180.15 

— 

As Na-salt, un- 
stable 

Bofohs AB 

302.36 

— 

Fairly stable 

Eastman Kodak Co. 

88.10 


Fairly stable 

SOKFUrKG-TCAHLUAmi A. G. 


and Animal Breeding of tlie Eoyal Veterinary College, Stockliolm, 
by tbe Marine Zoological Station of tbe Boyal Academy of Sciences, 
Ilristineberg, Sweden, and by tbe Biological Station, Eoscoff, Erance. 
In most cases, fresh material has been used. 


1. Blood 


a) Blood of Yertehrates 

Blood has been taken from man, horse, cow, guinea pig, fowl 
(cock), bony fish {Lahrus), and dogfish shark {ScylUum). In some 
cases the blood was defibrinated by stirring immediately after with- 
drawal, centrifuged, and the serum and red blood cells used for 
further preparation. In other cases the blood was taken up in heparin 
(1 ml. in 100 ml. blood), centrifuged, and the plasma and cells used. 
It has been found that heparin has no influence on the ChE activity 
and that serum and plasma have the same activity. Accordingly 
serum and plasma have been used interchangeably without further 
comment. 

As regards the method of collecting fish blood, the skin of the 
animals was removed on the ventral side at the site of the pectoral 
girdle. A hole was made in the girdle and the heart {Lahrus) or sinus 
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Table 8. Animals and Tissues from which Enzyme Preparations 

have been made 



Ani mals 

Tissues 


Vertebrates 

Man 9 

Horse 

Cow 

Elephant 

Bear 

Dog 

Guinea pig 

Fowl (cock) 

Gadus callarias (cod) 

Ldbrus herggylta 
Scyllium (ScylliorJiinus) 
Canicula (dogfish 

shark) 

Squalus acanlMas (spiny 
dogfish shark) 

Raja radiaia (common 
ray) 

Myxine glutinosa (hag- 
fish) 

Blood 

Blood 

Blood, liver 

Brain, liver 

Brain 

Brain, muscle 

Blood, liver, kidney, in- 
testine 

Blood, liver 

Brain, muscle, liver, heart, 
tunica interna, gas- 
gland 

Blood, brain, muscle, liver 
Blood, brain, liver 

Brain, muscle, liver, heart 

Brain, muscle, liver, heart 

Brain, muscle, liver 

Eoyal 

Veterinary 

College 

Kristineberg 

Roscoff 

R-oscoff 

Kristineberg 

Kristineberg 

: Kristineberg 


Balanoglossus clavigerus 

1 

Proboscis, collar, ^‘liver- 
sacs” 

Roscoff 


\ Paracentrotus lividxis 

%gs 

Roscoff 

00 

Sepia officinalis (cuttle- 
fish) 

“Liver” 

Roscoff 


Helix pomatia (edible 

Blood, dart sac, etc. 

Collected in the 

cS 

u 

rQ 

snail) 


environs of 
Stockholm 

© 

U 

3Iaia squinado (spider 
crab) 

Muscle 

Roscoff 

© 

Spirographis Spallanza- 

Blood 

Roscoff 

c 

VM 

fit 

Sagartia parasitica 

Parts with nerve net 

Roscoff 


Marine animals belong- 
ing to various groups 
of invertebrates 

Mostly whole animals 

Kristineberg 


Apis mellifica (honey 
bee) 

Venom 

Hoffmank-La 

Roche 


venosus {Scyllium) cut. The blood was taken up in heparin and 
centrifuged. The experiments with fish blood were carried out at 

25.o°C. . . , 

a) Serum-OhE preparation. The method in purifying serum ChB 
from horse has been described by the author (Augustinsson, 1944). 
The same method has been employed here with other vertebrate sera. 
The principle of the purification is as follows. At 50 per cent satura- 
tion of serum with ammonium sulphate practically all ChE remains 
in. solution. The pH of this solution is lowered to about 4 . 5 , when 
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the enzyme is separated from the greater part of the 
OTP precipitated. ChE is then precipitated by increasing 
‘ oncentration to 70 per cent. The precipitate is dissolved in 
water and the fluid dialysed in collodion membranes 
water. The preparations thus obtained had been purified 20 -o 
times and the yield ivas about 50 per cent. , „ 

'6] Eruthrocvle-ChE preparation. The blood cells were cashed three 
times With O.a per cent NaCl solution and then haemolysed ivith 
distilled water to the same volume as the original blood volume, 
la the case of the shark blood the erythrocytes were washed with 
2 0 per cent NaCl solution which acts as "physiologic .salt solution 
for this blood. For further preparation the hacmolysates were diluted 
with the same volume of distilled water; the fisli hacmolysates were 
not diluted. From these solutions the erythrocyte membrane or 
stroma was flocculated by adjusting the reaction to pH O.a— G.c (or 
in some cases to about 5.5) with 0.i*M HCl (according to JonrKS, 
1932). The "ghosts” were washed twice with distilled water and 
twice with a slightly acid phosphate buffer (pH G. on). Thc.se nianijuila- 
tions did not elute or alter the ChE activity of the precipitate. The 
fact was that the ChE of the blood cells was attached to the cell 
membrane. The results are found in Chapter VI (p. 57, Table 13, 
Fig. 2). 

The "ghosts”, washed ^Yith water and phosphate buffer, were 
shaken one hour with 2 volumes of a O.i per cent solution of lysolocithin 
in a 1.2G per cent bicarbonate solution and 2 volumes of water. 
After centrifuging the whole enzyme activity was found in the 
centrifugate; about a half of the flocculation had gone into .solution. 
The results of this procedure are found in Table 14 (p. GO). 

b) Blood of Invertebrates 

o'.) Helix poruatia. The edible snails were collected in the early 
autumn just before the winter sleep, and kept in a box w'ith soil 
and leaves. In this captivity the animals shortly prepared for 
hibernation m the usual manner. No changes of the ChE activity 

m the blood and other tissues of the snails could be found in the first 
months, 

A hole was made in the shell. The blue blood was drawn from the 
circulus '^enosus and kept in the refrigerator for months. Kept in 

S^four^months^^ activity was changed only a little during a period 
The ChE oi Helix blood has been purified in the following manner 

sL'mSTr T (55 pcHon; 

removed bv ^ stirring the precipitate was 

tate was dissolved in wat^ wherf ouir^^ discarded. The precipi- 
The fluid was dialvsed .-n T obtained, 

of the different fractions distilled water. The nitrogen contents 
methodTd tfe determined by the 

experiments are diseuased in Chapte vT “p 
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For further purification the solution of the sulphate precipitate has 
been shaken with infusorial earth during one hour. The suspension 
was centrifuged and the ChE activity of the centrifugate determined. 
In order to elute the adsorbed enzyme the earth was suspended in 
10 per cent ammonium-sulphate solution (p. 62). 

p) Spirographis Spallanzani. This true tube-dwelling polychaete 
Worm, belonging to the family Sabellidae, was caught in the summer 
and the tube removed. On the ventral side, at the junction between 
head and thorax regions, the skin was removed with care. The green 
blood, containing the respiratory pigment chlorocruorin in solution, 
was 'taken up with a fine pipette. One ml. blood was obtained from 
about 15 animals. The blood was diluted with the same volume of 
distilled water. 


2, Tissues 

Fresh material has been used generally. The tissues were carefully 
washed with water and minced. In a mortar 5 to 25 g. was taken for 
thorough grinding with washed sand. The disintegrated tissue was 
taken up with twice or four times as much bicarbonate-RiNGER’s 
solution. The mixture was shaken in a shaking machine for half an 
hour, centrifuged at a constant speed of 3 000 r. p. m., and the fluid 
decanted. Very different time intervals were needed to produce as 
clear a fluid as possible. The buffered suspensions were kept in the 
refrigerator and further preparations or analyses were made within 
two or three days. The activities of these tissue suspensions were 
generally not changed remarkably during two weeks, during which 
time all investigations were performed. 

a) Tissues of Vertebrates 

Brain. Dog brain has been used in most cases; brains have also 
been taken from elephant, bear, cod, Lahrus, shark, ray, and Myxine. 
The brain was carefully washed with water to remove all blood. 
White and grey matter were prepared in some cases and the material 
treated according to the way described above. 

Muscles have been used from dog, cod, Lahrus, shark, ray, and 
Myxine. 

Liver preparations were made from cow, elephant, guinea pig, 
cod, fowl, Lahrus, shark, ray, and Myxine. 

Kidney of ox and guinea pig was employed. 

Intestine. Small intestines of guinea pig were washed with water 
and extracts prepared. 

b) Tissues of Invertebrates 

In some earlier investigations (at Kristineberg Zoological Station) 
with materials from invertebrates, the animals were frozen at 
— ■20°C in a freezing box immediately after they were caught. The 
frozen material was kept for some weeks and then melted and 
minced. Further preparation proceeded according to above. Most of 
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the animals collected in Roscoff ^vere dissected immediately after 
the catch and preparations made in the usual manner for determina- 
tions there at 25.o°C. • i / 

Helix pomatia. After the blood was drawn from the animal (p. 
43) the whole shell was removed and the body dissected, ihe 
following tissues have been studied: the head with the central nervous 
system, the foot, the digestive gland ("liver”), the liquid secreted 
by the "liver”, the hermaphrodite gland (ovotestis), the mucous 
glands, and the dart sac without the dart. 

Sepia officinalis. The bodies of the cuttlefish were dissected for 
preparing the "livers” (digestive glands). 

Maia squinado. The spiny crabs were dissected for abdominal 


muscles. 

Bahnoglossus clmigerus. This burrowing Enteropneusta was caught 
on the beach at Morgat (France). The following material was taken: 
the proboscis, the collar-region, and the outgrowths of the alimentary 
canal (the “liver-sacs”). 

Sagartia parasitica. The upper end of the body of this anemone 
with the mouth, the circular muscles, and the circles of tentacles 
were prepared for extraction. These parts contain a w'ell-developed 
diffuse nerve net. 

Paracenirotus lividus. Centrifuged unfertilised and fertilised sea- 
urchin eggs at various stages were frozen and driedd The dry pow'der 
was suspended in R.30, 1 g. in 8.0 ml. solution. The suspension wms 
shaken for an hour and then centrifuged. The centrifugate was used 
in the determinations of ChE activity and nitrogen content by the 
Kjeldahl method. 


Marine animals belonging to various groups of invertehrales. The 
investigations carried out with this material have been reported 
previously ( Augustin ssoN, 1946b). 


c) Bee Venom 

The venom of honey bees was in a dried and crude state and had 
not been sterilised, by heating. It was dissolved in bicarbonatc- 
Kinger 3 solution, in which the venom was found to be more soluble 
than m pure water. A O.i per cent solution has been employed in 
investigating the ChE activity of bee venom or, if the enzyrne was 
not present, the influence of the venom on the ChE activity of other 

maxprioT 


" ^acedyt my disposal by Dr. Tbvqgve Gustafson. 
erm r e-tcas Institute for Experimental Biology, University of Stockholm. 



PART III 


Chapter V 

NON-ENZYMIC HYDEOLYSIS 

When biological methods (p. 23) are used in determining the 
ChE activity, it is not always necessary to consider the non- 
enzymic hydrolysis of the substrates. In these cases strong con- 
centrations of the enzyme are used which consequently leads to 
a very high rate of the enzymic hydrolysis compared with that 
of the non-enzymic one. In the chemical method, as that used 
in the present investigation, the enZymic concentration is much 
lower. Because of that the enzymic hydrolysis is low and the 
non-enzymic one constitutes a considerable part of the total 
hydrolysis. 

In every experiment therefore, it has been necessary to know 
definitely the rate of non-enzymic or spontaneous hydrolysis of 
the substrate solutions. A detailed study of this hydrolysis has 
been performed with all substrates. A rough idea of the stabilities 
of the various substrate solutions is given by Table 6. Table 9 
specifies more accurately the stabilities and shows the non-enzymic 
hydrolysis expressed in p.l. COj per 30 minutes of all substrate 
solutions used in the experiments reported in the following. 
In Eig. 1 the hydrolysis at 37.5°C is plotted 'against the con- 
centrations of, the substrates, expressed in — log molar con- 
centration (= pS). The concentrations are those finally attained 
after mixing the enzyme solutions or E30 with the substrate 
solutions. 

In the determination of non-enzymic hydrolysis, the substrate 
solution in the main compartment of the flask was mixed with 
E30 of the side bulb. 

A comparison of the hydrolysis in the solutions of acetylcholine 
chloride (1) (Fig. 1), bromide (2), and iodide (3) showed that the 
three salts give nearly the same hydrolysis-concentration curves. 
The hydrolysis increases rapidly in concentrations above 10“® M. 
In a 0.1-M solution of ACh chloride, the half of the ester is hydro- 




Fig. 1. Non-enzymic hydrolysis of substrate solutions ns function of concentrntion 
at 37.5° C. pS = — log molar concentration. Data from Table 9. 

lysed in 41 hours at 37.5°C. Also the bromide and iodide are 
hydrolysed spontaneously at a high rate; the half is hydrolysed 
in a 0.1-M solution in about 49 and 62 hours respectively at 
37.5°C. 

Much more stable are the solutions of benzoylcholine chloride 
(9) and its N-acetyl-p-amino derivate (10). Carbaminoylcholine 
chloride (7) is the most stable of the choline esters used in these 
experiments. A solution of the acetic-acid ester of aneurine (8) is 
somewhat less stable.. Mecholyl (4) hydrolyses at about the same 
rate as does BzCh. The most unstable solutions are given by 
acetylsalicylcholine chloride (5) and salicylcholine chloride (6). 
A 0.1-M solution of the acetylsalicylic ester is destroyed to half 
in about 24 hours at 37.5°C. It has been impossible to determine 
at which degree this hydrolysis is caused by the cleavage of the 
choline-ester and salicyhester linkage respectively. Both linkages 
seem to be split non-enzymically, for after 49 hours, when the 
hydrolysis was still going on, 343 and 122 p.!. CO, had been evolved 
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Table 9. Non-Enzymic Hydro- 


Pinal substrate concentrations in reaction mixture (total volume 2.00 ml.). 
Non-enzymic hydrolysis at 37.5° C (at 25.0° C, in brackets) expressed 


B 

Molarity 

pS 


CO. 

Molarity 

pS 

|aL CO 2 

a 

30 mia. 

a 

30 min. 

No. 

ACh chloride 

1 ACh bromide 

1 

1.10 X 10-1 


4 928 

32(9.5) 

8.84 X 10-“ 


3 961 

25.5 

2 

3.30 X 10-“ 

1.48 

1479 

14(6) 

2.65 X 10-“ 

1.58 

1187 


3 

1.10 X 10-“ 

1.96 

493 

7(4.5) 

8.84 X 10-“ 


396 

7 

4 

3.30 X 10-“ 

2.48 

148 

5(4) 

2.65 X 10-“ 

2.58 

118.5 

5 

5 

1.10 X 10-“ 

2.96 

49.5 

4(3) 

8.84 X 10-* 


39.5 

4 

6 

3.30 X lO-i 

3.48 

15 

3(2) 


3.58 

12 

3 

No. 

BzCh 

AAmBzCh 

1 

8.22 X 10-“ 

1.09 

3 683 

7.5 

6.65 X 10-“ 

1.J7 

2 980 

9 

2 

2.46 X 10-“ 

1.61 

1103 

3.5 

2.00 X 10-“ 

1.70 

896 

6.5 

3 

8.22 X 10-“ 

2.09 

368.5 

1.5(1) 

6.65 X 10““ 

2.17 

298 

4(2) 

4 

2.46 X 10-“ 

2.61 

110.5 

0 

2.00 X 10““ 

2.70 

89.5 

3 

5 

8.22 X 10-* 

3.09 

37 

0 • 

6.65 X 10-* 

3.17 

30 

2 

6 

2.46 X 10-* 

3.61 

11 

0 

2.00 X 10-* 

3.70 

9 

0 

No. 

CfaOh 

AAn 

1 

1.09 X 10-* 

0.96 

4 883 

4 





2 

3.29 X 10-“ 

1.48 

1474 

3 

1.58 X 10““ 

1.80 

708 

5.5 

3 

1.09 X 10-“ 

1.96 

488.5 

2(1) 

5.28 X 10““ 

2.28 

236.5 

3(1) 

4 

3.29 X 10-“ 

2.48 

147.5 

2 

1.58 X 10-“ 

2.80 

71 

1.5 

5 

1.09 X 10-“ 

2.96 

49 

1 

5.28 X 10“* 

3.28 

23.5 

0 

6 

3.29 X 10-* 

3.48 

14.5 

0 

1.58 X 10“* 

3.80 

7 

0 

No. 

ASa 





3 

1.11 X 10-“ 

1.95 

497.5 

7(3) 






from ASaCli(3) and ASaCIi(4) respectively and these values are 
above the a values (296.5 and 89.5 yi. respectively) for complete 
destruction of one ester linkage in ASaCb. Unfortimately, sali- 
cylcboline has not been placed at my disposal in sufficient amounts, 
and therefore only a few preliminary experiments have been 
carried out with this substance. 

Tributyrin was used in the form of emulsions in R 30 and these 
were quite stable at least in lower concentrations. This holds 
also for the R 30 solutions of ethyl acetate. But the 1.11 X 10 
solution of acetylsalicylic acid, used in some experiments as 
sodium salt, is fairly unstable. 
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lysis of Substrate Solutions 

p 3 = log molar concentration. Total hydrolysis corresponds to a pi. COj. 

in pi. CO, per 30 min. (mean of 3 to 0 determinations). Cf. Fig. 1. 


Molarity 

pS 

1 

SI 

^lolarity 

pS 

pi. CO, i 

HI 

30 min. 

a 

30 min. j 

ACh iodide 

JlcCh 1 

7.32 X 10"’ 

1.13 

3 279 

16.5 

1.02 X 10"‘ 

0.99 

4 569 

9 1 


l.CG 

995 

9 

3.07 X 10"* 

1.51 

1 375 

3 

7.32 X 10^^ 

2.13 

328 

5 

1.02 X 10"* 

1.99 

457 

1(0) 


2.GG 

99.5 

4 

3.07 X 10"’ 

2.51 

137.5 

0 

7.32 X 10"* 

3.13 

33 

3 

1.02 X 10"’ 

2.99 

45.5 

0 

2.20 X 10"‘ 1 

3.G0 

10 

2 

3.07 X 10"* 

3.51 


0 

SaCh 


^\SaCh 



- 



6.02 X 10"* 

1.18 

2 9GG* 

i 

39(13.5) 

— 

— 


— 

1.99 X 10"* 

1.70 

896 

13(8) 

7.20 X 10"’ 

2.14 

322.5 

17 

6.02 X 10"’ 

2.18 

29G.5 

7(4.5) 

2.1 c X 10"’ 

2.07 

97 

9 

1.99 X 10"’ 

2.70 

89.5; 

5(3.5) 

7.20 X 10"^ 

3.14 

32.5 

4 

6.02 X 10"* 

3. IS 

29.5 

2.5(2.5) 

2.1C X 10"^ 

3.07 

9.5 

2 

1.99 X 10"* 

3.70 

9 

2(2) 

TB 

E.V 

6.C2 X 10"* 

1.18 


■M 

2.27 X 10"‘ 

O.Gl 

10 200 

4 


1.70 



6.81 X 10"’ 

1.17 

3 050 

2.5 

6.G2 X 10"’ 

2.18 


1 wM 

2.27 X 10"* 

1.04 

1020 

1(0) 

1.99 X 10"’ 




6.81 X 10"’ 

2.17 

305 

0 

6.02 X 10"‘ 

3.18 


1 

2.27 X 10"’ 

2.01 

102 

0 





6.81 X 10"* 

3.17 

30.5 

0 


* Calculated for the hj’drolysia of ono ester linkage. 


The possible spontaneous liberation of carbon dioxide from the 
enzyme preparations has also been examined. In almost every 
case, no CO, "was given off. In some few experiments {e.g., guinea- 
pig liver and kidney), the amounts of CO, spontaneously released 
were 1 — 3 p.l. in 30 minutes, but these small amounts are quite 
within the limits of the errors of the method. Therefore the possible 
amounts of CO, spontaneously given off from enzyme preparations 
have been ignored. 

When the enzyme preparations, however, contain carbonic 
anhydrase, as they do in the case of red blood cells, particular 
attention must be directed to the action of this enzyme. This 
action is noticeable immediately after mixing haemolysate with 
bicarbonate solution and seems to reach an equilibrium after 
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2 — 3 minutes. The action of carbonic anhydrase will be discussed 
more fully below (p. 79) in connection with the interpretation 
of the course of hydrolysis catalysed by ChE. It has been found 
that the erythrocytes of all vertebrates investigated, both mam- 
mals and fish, contain carbonic anhydrase. It is present also in 
the blood of SpirograpMs and, in traces, of Helix. A very weak 
activity of carbonic anhydrase was observed with the extracts of 
liver and brain. 


Chaptek VI 

CHOLINESTERASE ACTIVITIES OF BLOOD AND TISSUES 
FROM VARIOUS ANIMALS COMPARED WITH SOME 
OTHER ESTERASE ACTIVITIES 

A. Introduction 

An enzymic “mapping out” of the kind described in this Chapter 
is more justifiable than ever. As described above (p. 19), the 
investigations of recent years have shown that the ACh-hydrolysing 
enzyme is not to be regarded as a single entity. This is proposed 
at first by comparing the ChE activities of various tissues. These 
results invite to do more comprehensive works of the same kind. 
In consequence, it will be necessary to re-examine the problem 
of the .ACh-ChE system by testing the enzyme activity in the 
light of these new findings. It has been known for a long time 
that an enzyme of one species of animal may differ greatly from 
that of another. In all likelihood, a countless number of enzymes 
exists, and it would seem logically to suppose that each species 
has its own equipment of enzymes. No doubt, however, there 
exist in each enzymic reaction general features which are of the 
same kind in organisms far removed from each other in the 
evolutionary scale. This has been shown already, for example, 
with the enzyme splitting ACh. But it is to be noted, that in- 
formation concerning the character and the range of distri- 
bution of the enzymes found in different groups of animals is far 
from complete. A complete list of enzymes found in animals, 
with their range of distribution would, I feel sure, give evidence 
of a much more regular distribution of separate enzymes than 
seems to be the case from the investigations performed up till now. 
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carboxyl group of salicylic acid and choline. The enzymic cleavage 
of this ester has been compared with the enzymic effect upon 
acetylsalicylic acid (ASa), used as sodium salt, and in some cases 
with that upon salicylcholine. 

From two points of view it may be of interest to investigate 
whether' the same enzyme destroys ACh and acetylaneurine (AAn). 
To begin with, the two primary alcohols choline and aneurine each 
contain a quaternary N atom. Secondly, it is considered as proved 
that aneurine also plays an important role in the transmission 
of nerve impulses (p. 5); about 100 times more aneurine is liberated 
from excited nerves than from non-excited ones and it has been 
proposed (p. 18) that aneurine in the form of its acetic-acid ester 
might play a similar part to that of ACh in nervous activity. 

The main purpose of this investigation has been to study the 
specificities of the choline-ester hydrolysing enzymes. Because of 
that it was important to correlate the results obtained with choline 
esters with those obtained with ordinary esters. Tributyrin (TB) 
and ethyl acetate (EA) have been chosen as substrates for ordinary 
esterases (lipases), which hydrolyse esters of fatty acids and gly- 
cerol or simple alcohols respectively. 

Eegarding the selection of enzyme preparations, the following 
points are to be noted. The characteristics of the ChE activities 
of blood from various animal species have been seen to vary 
greatly (p. 6). Accordingly, the present investigation was per- 
formed with blood from seven vertebrate species (mammals, 
fowl, fish) and two invertebrate ones (snail, worm). In each case, 
serum (plasma) and the haemolysate of the erythrocytes have 
been investigated separately. Helix blood has been shown pre- 
viously to be very ChE active with interesting properties (p. 21). 
The blood of S'pirogra'phis has a special biochemical interest, not 
concerned here, in containing the respiratory pigment chlorocruo- 
rin; this blood has not been used previously in ChE studies. 

Next to blood, nervous and muscle tissues have been used 
most frequently in the determinations of ChE activity (p. 8). 
In most of the present investigations, dog brain has been used; a 
few experiments have ben carried out with brain from bear and 
elephant, two species not very frequently found in scientific 
papers of this kind. The investigation deals also with the central 
nervous systems of two bony fish {Gadus, Labrus), two sharks 
(Scyllium, Squalus), the common ray, and one of the lowest ver- 
tebrates known {Myxine). Alsa the muscles of these species were 
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Table 10. Enzymic Hydrolysis of Certain Esters by Blood from 

Different Animals 


fil. COj evolved during 30 min. = h.^^, calculated for 100 [j. 1. blood (plasma). 
The substrate concentrations are those of the solutions No. 3 (Table 9). 


Species 

AOh 

MeCh 

BzCh 

E 

N 

O 

P- 

CbCh 

CO 

P 

O 

ASaCh 

ASa 

AAn 

J-3 

to 

tel 

Man 






■ 






Plasma 

137 

4 

73 

3 

0 

B 

107 

5 

21 

65 

3 

Erythrocytes . • 

167 

(78) 

3 

1 

0 

B 

(98) 

5 

7 

23 

1 

Horse 











Plasma 

353 

11 

161 

2 

1 

68 

290 

8 

19 

160 

12 

Erythrocytes . • 

30 

15 

4 

0 

0 


30 

3 

0 

15 

2 

Cow 












Plasma ....... 

5 

3 

1 

0 

0 


12 

2 

2 

13 

0 

Erythrocytes . . 

163 

70 

4 

0 

0 


121 

3 

9 

28 

2 

Guinea pig 












Plasma 

84 

11 

40 

1 

0 

9 

68 

15 

25 

(57) 

5 

Erythrocytes . . 

60 

46 

2 

— 

— 


42 

8 

16 

23 

1 

Fowl 












Plasma 

28 

11 

3 

0 

0 


(19) 

2 

10 

23 

2 

Erythrocytes . . 

0 

1 

1 

2 

0 


5 

1 

B 

3 

1 

Lahrua 









B 



Plasma I 

5 

2 1 

1 

— 

B 


17 

2 

B 

3 

— 

Erythrocytes . . 

0 

0 

1 

— 

B 


— ^ 

— 

B 

0 

— 

Scylliurn 






^B 




0 

0 

Plasma 

9 

5 

1 

0 

0 

^B 

12 

1 

2 

Erythrocytes . . 

0 

0 

0 

— 

— 

B 

0 

2 


0 

0 

Helix 

582 

157 

16 

0 

0 

0 

112 



25 

15 

Spirographis 

5 

4 

0 


— 

- 

270 



15 

0 


definition of Mendel’s group (p. 20); BzCh is hydrolysed, but 
not MeCh. ASaCb is split, but not ASa. Therefore, it may be 
supposed that the plasma hydrolyses the choline-ester linkage 
only in ASaCh, and most probably the same enzyme is responsible 
for the hydrolysis of ASaCh and BzCh. AAmBzCh is not split. 
The lack of hydrolysis of CbCh is also found with almost all other 
enzyme preparations. AAn is split, and most probably a ChE takes 
part in this reaction. In all probability, this is also true in the 
hydrolysis of TB (cf. below, horse plasma). 

H&rse. Most studies by the author on the serum ChE, both 
crude and purified preparations, have been performed with 
horse serum. It splits ACh at a higher rate than does human 
plasma. According to Mendel’s hypothesis, horse plasma con- 
tains a non-specific ChE (BzCh hydrolysed) and in very low 
concentration a specific one (MeCh hydrolysed at a low rate) 
(p. 20). The activity towards ASaCh is high and also SaCh is 






























Table 11. Comparison of the CIiE Activity of Horse Plasma and 
a Purified Plasma Enzyme Preparation 


Substrate 

Plasma 

Purified 
Cf « 

enzyme 

3 000 

^30 

% of ACh 


% of ACh 

ACh 

353 

100 

320 

100 

:\lcGh 

11 

3.1 

11 

1 3.4 

BzCh 

161 

45.G 

Ml 

44.1 

ACh 

133 

100 

320 

100 

SnCh 

23 

17.3 

53 

16.0 

ASaGh 

113 

85.0 

278 

; 86.0 i 

TB i 

61 

45.8 

149 

46.0 1 


split at a relatively high rate. In conformity to human plasma, the 
horse plasma splits TB. Confirming previous results of the author, 
AAn is hydro l 3 \scd. 

Several experiments have been carried out with purified horse- 
serum ChE, the affinities of which for various esters have been 
studied and compared with those obtained with crude prepara- 
tions. The method of purification is described above (p. 42). 

In a previous communication (Augustinsson, 1944), the author 
reported that the hydrolysis of ACh and AiV.n by liorse serum 
must be attributed to the same enzyme. This was shown in two 
ways. Tlie hydrolysis by serum and purified enzyme preparation 
was compared by means of the ratio between the amounts of COj 
evolved using ACh and iVAn as substrates. A constant quotient 
was obtained, indicating that the same enzyme is responsible for 
the two reactions. Moreover, it was shown by means of electro- 
phoresis experiments that “the two enzymes” move parallel in 
the electric field. 

Further experiments of the same kind with horse plasma have 
been performed with other esters. As the purification proceeds, 
the rates of hydrolysis have been compared. The results appear 
in Table 11. The activities towards ACh, MeCh, BzCh, SaCh, 
ASaCh, and* TB run parallel, and because of that, it may be 
inferred that the same enzyme is responsible for the hydrolysis of 
all these esters. As regards the hydrolysis of TB, this result con- 
firms previous findings by other authors (p. 19). It is inadvisable 
to speak about separate esterases in blood plasma responsible 
lor the hydrolysis of ACh and TB, and the esterase is really 
a non-specific ChE. 

0—404200 
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Cow. In contradistinction to the erythrocytes of cow (p. 60) 
and to the plasma of man and horse, the cow plasma is practically 
inactive towards choline esters used in this investigation. TB 
is also -hydrolysed at a very low rate, 

Guinea fig. The ChE activity of guinea-pig plasma is lower than 
that of human and horse plasma, but nevertheless considerable. 
The characteristics of the enzyme seem to correlate with those 
of the non-specific type. The rate of the BzCh hydrolysis is about 
60 per cent of the ACh hydrolysis. This is also true for the human 
and horse plasma. MeCh is split to the same extent as by the 
horse plasma. ASaCh and TB are hydrolysed at relatively high 
rates. The activity towards AAn is the same as is found for other 
plasma preparations. 

Fowl. The esterase activity of cock plasma is quite low. It 
differs from other plasma activities investigated in the relatively 
higher activity towards MeCh compared with that towards BzCh. 
The ChE of cock plasma therefore seems to be of the specific type 
(p. 107), This plasma hydrolyses ASaCh, TB, and AAn at low rates. 

Labrus. The blood plasma of this bony fish is not very ChE 
active. ASaCh seems to be the only ester which is split at a rate 
worth mentioning, but really it is very low. 

Scyllium. Low ChE activity has also been found in the plasma 
of the dogfish shark. It seems to contain a specific ChE in low 
concentration (p. 108). 

To sum up the results obtained with blood plasma, the highest 
activity towards ACh is possessed by horse plasma. The plasma 
of man, guinea pig, and fowl come next; the activity of the fowl 
plasma is lower than one tenth of that of the horse plasma. 
Remarkably low activity was found with cow and fish plasma. 
According to the definition of Mendel and his co-workers, the 
enzyme is of the non-specific type in the plasma of man, horse, 
and guinea pig; a specific ChE seems to be present in the plasma 
of fowl and, in very low concentrations, of fish. The hydrolysis 
of BzCh, SaCh, and ASaCh parallel that of ACh and this is also 
true for the cleavage of TB. It is a working hj^othesis for the 
extension of the specificity problem of ChE that the same enzyme 
in blood plasma, in most cases, splits ACh, BzCh, SaCh, ASaCh, 
and TB (and AAn). When the plasma hydrolyses ACh at a high rate, 
this rate is higher than those for other esters. It is therefore 
justifiable in this ease to speak about a ChE. But the esterase is 
not specific towards choline esters, it also splits TB (and AAn). 



b) Erytlifocytes 

As was expected from previous findings of various authors (p. 
19), the ChE activity of the blood cells differs to a great extent 
from that of the plasma. The results were according to the following. 
The 630 values listed in Table 10 are calculated for 100 p.l. haemo- 
lysate, prepared by adding distilled "water to the washed blood 
cells to blood volume. 

Man. Human erythrocytes are highly active towards ACh. 
MeCh, but not BzCh, is hydrolysed and thus the enzyme is a spe- 
cific ChE. The shape of the reation curve for I\IeCh is not the same 
as that for ACh; the hydrolysis of MeCh seems to follow a first- 
order reaction, that of ACh a zero-order one. Such differences 
between the ACh and i\IeCh hydrolysis have been found with 
other material and are discussed more fully in Chapter VII. 
The reaction curves of MeCh resemble those of ASaCh, which is 
split at about the same rate as MeCh. The activities towards other 
esters are considerably lower. 

Horse. As distinct from the erythrocyte ChE of human blood, 
that of horse blood hydrolyses ACh and other choline esters at a 
much lower rate than the corresponding plasma. The enzyme 
seems to be of the specific type. ASaCh is split at the same rate 
as ACh, TB as MeCh. 

The ChE activities of whole blood and haemolysed blood have 
been compared, so also the activities of unhaemolysed and haemo- 
lysed blood cells. Table 12 lists the results of such an experiment. 
Blood, haemolysed with distilled water, was found to have the 
same activity as whole blood diluted with 0.9 per cent NaCl 
solution to give the same blood concentration. In another ex- 
periment washed cells were suspended in the saline solution and 
the ChE activity of the suspension determined. The same value 
was obtained with this preparation as with another prepared 
from the same amount of blood cells haemolysed with distilled 
water of volume equal to that of the saline solution. 

Experiments have been carried out in purifying the ChE of 
red blood cells. The method is described above (p. 43), the results 
reported next and summarised in Tables 13 and 14 and Fig. 2. 
The principle of the first stage of this method is based on the 
flocculation of the cell membrane, to which the enzyme is bound. 
This procedure has been carried out successfully in lowering the 
pH value of the haemo’lysate to 6.5— 6.6 (horse blood). In order 
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Table 12 . OhE Activities of Whole and Haemolysed Blood and 
of Unhaemolysed and Haemolysed Erythrocytes 

Blood taken up in heparin. Substrate ACh(3). 


Blood 

Enzyme preparation 

^£0 

Horse 

1 

Whole blood 1 

393 


Haemolysed blood I 

393 

Cow 

1 

Erythrocytes in 0.9 % HaCl 

159 


; Erythrocytes, baemolysate 

156 


to find tliis most suitable pH for tbe precipitation of tbe enzyme, 
the pH values were lowered gradually by adding HCl, and tbe 
CbE activities of tbe precipitates, suspended in water, and of tbe 
centrifugates measured. Tbe activity values were compared witb 
those (630/2/) obtained witb tbe suspensions after tbe adjustment 
of pH and before centrifugating. Tbe fact is that tbe enzyme is 
gradually inactivated when pH is lowered, in agreement witb 
previous findings by tbe author (Augustinsson, 1944). Tbe 
degree of this inactivation is also found in Table 13 and Fig. 2, 
and is calculated as “% of 630 (1)”; 630 (1) is tbe activity of tbe 
baemolysate of tbe same concentration as that of the reaction 
mixture after tbe treatment with HCl. Tbe pH value of tbe original 
baemolysate of borse blood cells was 7.43. In the flocculation 
of tbe cell membrane, tbe CbE activity follows tbe “gbosts”. 


Table 13 . Precipitation of GhE from Baemolysate 


Blood 

Substrate 
(sols. No. 3) 

Haemolysate 

ml. 

p 

M 

o 

pH 

ChE activity 

s 

Centrifugate 
+ precipitate 

Centrifugate 

Precipitate 

630 ( 1 ) 

630 ( 2 ) 

% of 
( 1 ) 

630 

% of 
( 2 ) 

^30 

%of 

( 2 ) 

Horse 

ACh 

20.0 

1.36 

6.94 

53.5 

53.5 

100 

34 

63.5 

17 

32 

» 

» 

20.0 

1.80 

6.75 

53.5 

50 

93.5 

7 

14 

42 

84 

)> 

» 

20.0 

2.15 

6.54 

54 

47 

87 

2 

4.5 

44.5 

95 


» 

20.0 

2.52 

6.37 

51 

41 

80.5 

6 

14.5 

36 

88 

» 

» 

20.0 

2.90 

6.20 

50 

39 

78 

7 

18 

30 

77 

Horse 

MeCh 

20.0 

2.52 

6.37 

— 

33.5 

— 

9.5 

28.5 

27 

80.5 

» 

TB 

20.0 

1.80 

6.75 

— 

44 

— 

32 

73 

14 

32 

Cow 

ACh 

195.0 

19.10 

6.51 

290 

238 

82 

236 1 

99 

4 

1.5 

» 

» 

— 

— 

5.53 

— 

210 

— 

2 

1 

1 

204 

97 

Guinea 












pig 

ACh 

10.0 

1.00 

6.41 

119 

105 

88.5 

2 

2 

109 

100 
























Fig. 2. Precipitation of ChK from 
Imcmolypatc of liorfic blood cells. 
Broken line refers to inactivation of 
ChE by lowering of pH, unbroken 
line to per cent of ChE in precipitate 
ns function of pH. Data from Table 
13. 



At pH 6.5— G.G a very distinct pH range was obtained at which 
the separation is almost complete. This interval docs not seem 
to be a general one for all kinds of crytlirocytc ChH. In the case 
of cow blood, for instance, the optimum prcci])itat.ion was found 
to occur at a lower pH value 0.5). 

After the completion of the experimental work, the author was 
informed of the results of Palkus (1017) who found that the erythro- 
cyte ChE (man, dog) is attached to the stroma of the cells. This was 
shown by a method similar to that described above. 

The enzyme activities of the precipitates towards other ester.s 
have also hecn measured in some eases. Table 13 shows that the 
activity towards MeCh parallels that towards ACh. With TB, 
however, such a parallelism was not obtained. At pH 6.75, the 
ChE activity was found to 84 per cent in the precipitate, the tri- 
hutyrinase activity to 32 per cent only. This observation provides 
further support for the supposition that in the red blood cells of 
horse two different enzymes are responsible for the hydrolysis of 
ACh and TB. 

It has been a difficult task to elute the enzyme from the pre- 
cipitate (Table 14). By shaldng the suspension of a ChE precipitate 
with a 10 per cent ammonium-sulphate solution, practically no 
enzyme went into solution. Nor did a phosphate buffer of pH 
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TabI/E 14. A-ttempts by Elution to Seputate GhE frotn Flocculated Stroma 


Horse erythrocytes and ACh(3). 




^30 



Procedure 

Original 

prepara- 

tion 

Precipi- 

Centrifugate 


tate 

^30 

0/ 

/o 

Precipitation at pH 6.75. 1,0 ml. precipitate 
in‘ H2O + I.O ml. (NH4)2S04 (10 %). 
Shaking one hour. Centrifugating 

25 

21 

1 

0 

Precipitation at pH 6.47. Washing with , 
HjO four times. Washing with phospate 
buffer (pH 6.60). Shaking one hour. 
Centrifugating 

23 

22 

0 

0 

Precipitation at pH 6.47. Washing with 
HgO twice and with phosphate buffer 
twice. 8.0 ml. suspension of the same 
volumes of precipitate and H2O + 2.0 ml. 
H2O -f 2.0 ml. bicarbonate solution of 
lysolecithin (0.1 %). Shaking one hour. 
Centrifugating 

66 

j 

0 

70 

100 


6.60 elute the enzyme; three times washing with this buffer did 
not alter the ChE activity of the precipitate. When, however, the 
precipitate was treated with a 0.1 per cent solution of lysolecithin, 
a centrifugate was obtained which contained the ChE activity 
to 100 per cent. In this process about half of the precipitate went 
into solution. Lysolecithin does not affect the enzyme activity 
(Table 15). 

Cow. In contrast to the cow plasma which does not contain 
ChE, the correspondent erythrocytes are very active towards ACh. 
The enzyme is a specific ChE, for it hydrolyses MeCh, but not 
BzCh. As with other blood ceU preparations no activities have 
been detected towards AAmBzCh and CbCh. TB is split at low 
rate, ASaCh at high. SaCh is not attacked at all, ASa and AAn 
very little. 


Table 15. Effect of Lysolecithin on GhE 
Substrate ACh(3). 


Three volumes of 

^30 

One volume of 

NaHCOs (1.26 %) 

lysolecithin (0.1 %) 

SpriiTYi nhl?! T>nrififid ....... 


■ 205 

Erythrocytes (horse), haemolysate . 

WmImM 

53 










G1 


The ChE of cow erythrocytes has been precipitated in the same 
way as tlie enzyme of horse blood cells. In contradistinction to 
the latter enzyme, the cow enzyme is flocculated at a lower pH 
value or about 5.5 (Table 13). 

Guinea, fig. The esterase activity of guinea-pig erythrocytes 
shows the same properties as those found for other mammalian 
species. The activity is not very high, somewhat higher than was 
found for the horse blood. The ChE activity in its main fea- 
tures shows the characteristics of a specific ChE. The enzyme has 
been precipitated from haemolysate. In one experiment (Table 
13), the ChE was completely precipitated together with the stroma 
at pH 6.41. 

Fowl erythrocytes as well as those of fish do not contain any 
esterases. 

Summing up, the erythrocyte -ChE activity of blood decreases 
according to the following series: man, cow, guinea pig, horse. In 
all ChE-active erythrocytes tested the enzyme is a specific ChE 
which splits MeCh, but not BzCh. No erythrocyte preimration was 
found to hydrolyse BzCh. The same series seems to hold for the 
hydrolysis of ASaCh, the rate of which is lower than in the case 
of plasma (except cow). Most probably, the same enzyme splits 
ACh, MeCh, and ASaCh. TB is hydrolysed at a low rate by an 
enzyme not identical with ChE. Other esters are not or very 
little split. 

ChE is bound to the cell membrane and can be precipitated 
together with the stroma by adding hydrochloric acid to pH 6.5 
(horse blood) or 5.5 (cow blood). The enzyme goes into solution 
by treating the precipitate with lysolecithin. 


2. Blood of Invertebrates 

a) Helix fomaiia 

Some results obtained with the blood of Helix 'pomatia- have 
been published recently (Augustinsson, 1946 c). This invertebrate 
blood is several times more active towards ACh than the blood 
of vertebrates (Table 10). The enzyme resembles the erythrocyte 
ChE in hydrolysing MeCh at a higher rate than BzCh. But the 
affinity of MeCh for the snail blood ChE is only about 28 per cent 
of the affinity of ACh for the same enzyme. The affinity of MeCh 
for the erythrocyte ChE is about 50 per cent of that of ACh. 
ASaCh is hydrolysed and it will be shown later on in this paper 



62 


(p. 153) that the ACh-splitting enzyme catalyses this reaction. 
At a low rate ASa is enzymically destroyed by the Helix blood. 
The high rate of hydrolysis of AAn is especially noticeable; the 
630 value of this reaction is the highest ever found with AAn as 
substrate. TB is split, but the reaction velocity is relatively very 
low. 

As regards experiments performed in order to purify the ChE of 
Helix, blood, the following points should be noted. The blood loses 
some of its activity by dialysis. In a typical experiment the ChE 
activity of a blood sample (diluted 1 : 40) was 630 36; after dialysis 
the activity was reduced to 25, calculated for the same blood con- 
centration.- The enzyme was reactivated by adding the dialysate 
(630 38). It was precipitated by adding ammonium sulphate to 55 
per cent saturation. The yield of this procedure was 90 — 100 per 
cent. The horse plasma ChE is precipitated at a much higher salt 
concentration (p. 43). 

The 630 value obtained in an experiment was 171 for the original 
dialysed blood solution. After precipitation the centrifugate showed 
630 5; 630 of the dialysed solution of the precipitate in the same volume 
of distilled water as the original volume was 155. In such procedures 
the total protein concentration decreased about 40 per cent. The pro- 
tein concentrations of the solutions, the ChE activities of which have 
been reported, were 0.66 per cent for the original one and 0.40 per 
cent for the solution of the precipitate. Some preliminary experiments 
have also been carried out in order to purify the enzyme further. 
Thus the enzyme was adsorbed completely on infusorial earth from 
a solution of the sulphate precipitate. After treating 10 ml. of such 
a solution (630 504) with O.i g. and 0.3 g. infusorial earth, the cen- 
trifugates gave 630 116 and 0 respectively. A suitable medium, how- 
ever, has not yet been found by which the enzyme can be eluted from 
the earth. 

b) Spirographis Spallanzani 

The esterase activity of the blood of this polychaete worm has 
been studied at 25.0°C, in contrast to the studies just described 
(37.5°C). The activity towards choline esters is very low and it 
is hard to say from these preliminary experiments, whether the 
activity corresponds to a specific or a non-specific ChE. The 
blood hydrolyses MeCh at about the same low rate as ACh, and 
it does not split BzCh. AAn is attacked a little and so also TB; 
EA, on the other hand, is quite unaffected. 

The great ability of the blood to hydrolyse salicylic esters is 
surprising; the reaction rates in these cases are 50 times higher 
than the rate when ACh is used as substrate. Properties of the 
same kind have been found for the esterases of other material 
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from mammals and ^vill be discussed below (p. 68). It is supposed 
that the blood of Spirographis contains a "salicylesterase” whicli 
hydrolyses ASa. Proofs have been presented that in the case of 
ASaCh it is the linkage between the acetyl group and the phenol 
group of the salicylic rest which is destroyed, that is, the same 
linkage as in ASa. More details about the esterase activity of 
Spirographis blood are found in a recent paper (Augustinsson, 
19i7). 


C. Tissues 

1. Tissues of Vertebrates 

a) Brain 

Dog. As is previously found by various authors, the brain ChE 
hydrolyses MeCh at a relatively high rate. In contradistinction to 
these previous results, the present author has observed that BzCh 
is also split, but at a very low rate (Table 16). Hence, according 
to the accepted hypothesis, the brain, as all other nerve tissues, 
contains a specific ChE. ASaCh is split at about the same rate as 
ACh, so also TB. Lower rates of hydrolysis were found with ASa, 
AAn, and EA as substrates. 

Prehminary experiments have been performed in order to 
purify the enzyme of dog brain. The experiments, however, have 
given no useful results. The enzyme is not precipitated in good 
yield by ammonium sulphate at 50 per cent saturation of the 
original extracts. 

Lahrus. The brain of this bony fish contains a specific ChE in 
high concentration. The hydrolysis of ASaCh was also considerable. 
AAn is split at a relatively high rate. The determinations were 
carried out at 25.0°C. 

Scyllium. In comparison with the brain of Lahrus, the shark 
brain {Scyllium as well as Squalus (Table 17)) has a low ChE 
activity, the characteristics of which are of the same kind as 
those of the activity of bony-fish brain. The rates of hydrolysis 
were lower in all cases of substrates used. 

Brains of other vertebrates. The ChE activities of other vertebrate 
brains have also been studied (Table 17). These include bear, ele- 
phant, cod, Squalus, ray, and hagfish, the brains of which have been 
used in studies on the enzymic hydrolysis of ACh, MeCh, and BzCh. 
Confirming previous results, nucleus caudatus has a high con- 
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Table 16. Enzymic Hydrolysis of Certain Esters by Tissues from 

Different Animals 


III. CO 2 evolved during 30 min. = calculated for 100 mg. tissue. The substrate 
concentrations are those of the solutions No. 3 (Table 9). 


Tissues-Species 

ACh 

MeCh 

BzCh 

AAmBzCh 

CbCh 

SaCh 

ASaCh 

ASa 

AAn 

w 

> 

Brain (cf. Table 17) 










1 


Dog 

59 

27 

15 

3 

3 

— 

64 

13 

7 

59 

10 

Labrus 

800 

92 

9 

— 

— 

— 

268 

21 

74 

31 


Scyllium 

43 

16 

4 

0 

0 

— 

36 

14 

1 

2 

0 

Muscle (cf. Table 18) 











Dog 

14 

9 

23 

2 

2 

— 

37 

16 

20 

172 

32 

Labrus 

46 

21 

7 

— 

— 

— 

18 

6 

59 

20 


Liver (cf. Table 18) 










Cow 

25 

15 

9 

5 

— 

— 

203 

44 

11 

(316) 

20 

Guinea pig 

13 

9 

296 

10 

21 

38 

(266) 

273 

34 

(376) 

23 

Fowl 

296 

114 

48 

11 

38 

— 

(248) 

60 



(307) 

(67) 

Labrus 

149 

49- 

10 

— 

— 

— 

114 

70 

103 

120 


Scyllium 

7 

5 

4 

— 

— 

— 

40 

14 

9 

32 

15 

Kidney 

Cow 

7 

7 

25 

• 



97 

23 

11 

(436) 

23 

Guinea pig 

10 

12 

23 

5 

6 

1 

120 

(274) 

— 

(164) 

9 

Intestine 










Guinea pig 

85 

30 

29 

— 

4 

8 

131 

37 

(35) 

208 

16 

Helix 












Dart sac 

906 

70 

37 

0 

li 

0 

336 

18 

48 

107 

10 

Sepia 











“Liver” 

120 

15 

7 

0 

0 

— 

69 

38 

12 

92 

14 

Maia 












Muscle 

26 

12 

10 



— 

— 

2 

2 

6 

0 

22 

Balanoglossus 












Proboscis 

34 

22 

0 

— 

— 

— 

38 

— 

0 

15 



Collar 

32 

16 

0 

— 

— 

— 

30 

0 

0 

64 

0 

“Liver-sacs” 

10 

6 

2 

— 

— 

— 

106 

12 

4 

49 

103 

Sagartia 








29 




Parts with nerve net 

11 

3 

8 

— 

— 

— 

110 

7 

107 

— 

Paracenirotus 

Larvae (Plutei) 

560 

139 

4 

— 

_| 

— 

256 1 

37 

21 

74 

— 


centration of ChE, cortex a low one, sliown here in experiments 
with the brain of bear. All brain esterases show essentially the 
same pattern. ACh is split at a high rate; the highest esterase 
concentration was found in the cod brain. The brain of the com- 
mon ray seems to be more active than the shark brain. Low ChE 
activity is possessed by the hagfish brain which is biologically 
more primitive than other vertebrate brains. 

Summing up, brain esterases show the same properties in their 
abilities to hydrolyse various esters. The ability to split ACh 
at a higher rate than other esters is an important feature of the 
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Table 17. Enzymic Hydrolysis of ACh, MeCh, and BzGh by Brain 
Extracts of Different Vertebrate 


100 mg. tissue. Substrate solutions No. 3. 


i 

Species 

ACh 

MeCh 

BzCh 

Bear 

Nucleus caudatus 

900 

570 

66 

Cortex 

37 

20 

0 

Elephant 

137 

,98 

7 

Gadm 

383 i 

105 

6 

Baja 

109 ' 

62 

13 

SqiialuB 

28 

11 

2 

Myxine 

40 , 

40 

— ■ 


brain esterase, because of the significant part that is played by 
ACh in the nervous system, and because ACh is the physiological 
substrate of the specific ChE. Brain is indeed the only organ used 
in this investigation that contains a specific ChE, whatever the 
vertebrate may be. It is said that the brain tissue does mot split 
BzCh. As is seen in Table 16 and 17, the activity towards this 
ester is lower than towards MeCh, but brain extracts do split 
BzCh even though at a very low rate. Whether this reaction is to 
be ascribed to the action of the specific ChE has been hard to 
find out. 

When ASaCh has been used as substrate, the reaction velocities 
have always been higher than in the case of MeCh. AAmBzCh 
and CbCh are not split by brain tissue. The rates of hydrolysis 
decrease generally according to the following series: ACh, ASaCh, 
MeCh, TB, ASa, BzCh, AAn, EA. 

b) Muscle 

The ChE activity of striated dog muscles is low and, most 
probably, due to a specific ChE (Table 16). As pointed out above 
(p. 8), previous investigations have stated that ChE, the con- 
centration of which is surprisingly low in striated muscles, is 
concentrated at the nerve endings. The relatively high rate of 
the hydrolysis of BzCh by dog muscle is most probably due to 
the action of an esterase very active towards TB. Relatively high 
activities were found towards ASaCh and AAn. 

The fish muscles have a stronger ChE activity than most 
mammalian muscles (Table 18). This possibly is in agreement 
with a previous statement that the ChE concentration in the 
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Table 18 . Enzymic Hydrolysis of ACh, MeCh, and BzCh by 
Fish Muscle and Liver Extracts 


100 mg. tissue. Substrate solutions No. 3. The values in brackets 
refer to heart muscle. 


Species 

1 Muscle 

Liver 

ACh 

^reCh 

BzCh 

ACh 

MeCh 

BzCh 

Gadus 

70(91) 

26(34) 

9 

253 

85 

34 

Raja 

7.3(10) 

22(10) 

9(0) 

6 

2 

1 

Squalus 

49(28) 

22 (6) 

2 

13 

7 

0 

Myxinp. 

109 

32 

5 

4 

2 

0 


muscles of animals that move rapidly is higher than in those 
organisms which are less active (p. 9). The hagfish muscles have 
a higher ChE activity than the bony-fish muscles. In aU these 
cases the enzyme seems to possess the characteristics of a specific 
ChE. 

In some preliminary experiments the ChE activities of heart 
muscles from fish have been measured (Table 18, in brackets). 
The enzyme seems to be a specific ChE which in low concentration 
occurs in the heart of Elasmobranchs. As shown in Table 10 the 
blood of these animals is also very poor in ChE. 

c) Liver 

Cow. Cow liver contains ChE in low concentration. The enzyme 
is a specific ChE, hydrolysing MeCh at a higher rate than BzCh. 
ASaCh is split at a very high rate and the activity towards ASa 
is higher than towards choline esters. Most probably the hydrolysis 
of TB is catalysed by an esterase separated from the ChE. 

Guinea 'pig. The ChE activity of guinea-pig' liver differs 
greatly from other liver-esterase activities and from most other 
esterases investigated. During the experiments on the ChE 
activity of this liver and when the data obtained (194:5, un- 
published) had shown that BzCh is hydrolysed at a rate which 
is several hundred per cent higher than in the case of ACh, a 
communication was published by Sawyer (1945), who assumed 
that a “benzoylcholine esterase” is present in high concentration 
in the guinea-pig liver, not concerned with the ACh hydrolysis. 
The existence of such an esterase has also been discussed later 
on by Blaschko, Chou and Wajda (1947 a, b). 

The liver of guinea pig hydrolyses ACh at a low rate. TB is 



67 


split at higli rate and so also ASa^ and ASaCh. The activities 
towards SaCh and AAn are not very high. At low rate, the liver 
splits AAmBzCh and CbCh. 

ASaCh contains in its molecule two ester linkages. In experiments 
with this substrate, it has always been of interest to find out 
whether one or both and which of the linkages are hydrolysed. 
In order to get an answer to the first question as regards the 
hydrolysis of ASaCh by guinea-pig liver, the hydrolysis was allowed 
to proceed for a long time. Simultaneously, the same experiment 
was performed in the presence of physostigmine which, in the 
concentration of 3.63 X 10 ** M, has been shown to inhibit the 
hydrolysis of ASaCh and BzCh at about 21 and 17 per cent 
respectively (Table 33). The hydrolysis of TB, on the other hand, 
is not inhibited at aU. The action of physostigmine on ChE will 
be discussed more fully below (p. 142). It is seen in Fig. 30 (p. 143) 
that the hydrolysis of ASaCh proceeded after the escape of the 
theoretical amount of CO 2 (296.5 p.l.), calculated for the cleavage 
of one of the ester linkages in ASaCh. The reaction curve shows 
that both linkages are split, and they are so at the same time. 

Because of that the author is not inclined to suppose that the 
guinea-pig liver contains a “benzoylcholine esterase”, hydrolysing 
BzCh at a higher rate than any other ester. It will be • shown 
later on in this paper that this esterase has nothing in common 
with a ChE. On the contrary, the same enzyme is likely to split, 
in addition to BzCh, SaCh and the choline-ester linkage in ASaCh. 
Such an esterase may probably be specific against the esters of 
aromatic acids. In addition the guinea-pig liver seems to contain 
an esterase (a “salicylesterase”?) hydrolysing ASa and the cor- 
responding linkage in ASaCh, that is, an esterase of the same type 
as was detected in SpirograpJiis blood (p. 62) and in the kidney 
and intestine of guinea pig (p. 68), 

Fowl. The ChE concentration in cock liver is high and the 
enzyme has the characteristics of a specific ChE. The liver 
hydrolyses ASaCh at a high rate and so also TB. ASa and EA 
are also split, but at a lower rate. 

Fish. Lahrus liver contains a specific ChE in high concentration 
and this is also true for cod liver (Table 18). ASaCh, AAn, and 
ASa are also split at high rates. The ChE activities of the livers 


guinea-pig liver and kidney, Vaitdelij and Scaltkiti (1943) 
nave also found an enzyme, distinct from ChE, which hydrolyses acetylsalicylic 
acid. (Only a short abstract, 1947, of this work has been available.) ^ 
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from shark, ray, and hagfish are very low; they all contain a 
specific ChE in low concentration. 

It is obvious from the results reported above that the esterase 
activities of liver differ to a great extent from animal to animal. 
The concentration is high in some species (cock, bony fish), low 
in others (cow, shark). When the liver esterases had high affinities 
for ACh, they showed mostly the characteristics of a specific ChE. 
The enzyme(s) of guinea-pig liver split BzCh at a remarkably high 
rate, but it (they) has (have) also a high affinity for ASa and ASaCh 
(and SaCh). It is supposed that this tissue contains an esterase 
specific against esters of aromatic acids and in addition a “salicyl- 
esterase”. Most livers split TB at a very high rate, known for a 
long time in enzyme chemistry. 

d) Kidney 

The kidney experiments have also given results differing from 
those obtained with other tissues. The ChE contents are low in 
cow and guinea pig and in both cases BzCh is split at a higher 
rate than ACh and MeCh. It was found in the studies on the blood 
of SpirograpMs (p. 62) that the esters of salicylic acid (ASaCh 
and ASa) were hydrolysed at a much higher rate than any other 
ester investigated. As regards kidney extracts, similar results 
were obtained. The guinea-pig kidney is the only material used 
in this investigation that hydrolyses ASa at a higher rate than 
other esters. It seems justifiable to assume the presence of a 
“salicylesterase”, in the same way as in the case of the polychaete 
blood. ASaCh is hydrolysed also at a high rate, and proofs have 
been offered that only the acetyl-salicylic linkage is split. Allowing 
the reaction to go to completeness, it was stopped when 301 p.l. 
CO 2 had been evolved in an ASaCh(3) solution. This is almost 
exactly equal to the calculated value (296.5 pi.) for a complete 
destruction of one of the ester linkages in this substrate (see Fig. 
30 on p. 143). This linkage, most probably, is the acetyl-salicylic 
one, for physostigmine does not inhibit the hydrolysis of ASaCh, 
and BzCh is split at a relatively low rate. 

Furthermore, the cow kidney is believed to contain a "salicyl- 
esterase”, the concentration of which is lower than in the kidney 
of guinea pig. Moreover, cow kidney splits TB at a very high rate. 

e) Intestine 

An enzyme occurs in high concentration in the small intestine 
of guinea pig hydrolysing TB. On the whole, the esterase activ- 
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ities of this material resemble in many ways those of kidney. 
ASaCh is split at a high rate. The activities towards MeCh, BzCh, 
ASa, and AAn are of about the same range, 15 per cent of the 
activity towards TB; the acti^^ty towards ACh is somewhat higher. 
It is supposed that a specific ChE is present in the intestine and 
in addition an unspecified esterase. 

f) Air Bladder of Cod 

The ChE activity of the air bladder is of interest in connection 
with the problem of the nervous regulation of the bladder. It has 
been known for a long time that an intact vagus innervation is 
necessary for the maintenance of a normal function of the bladder. 
Hence ACh might be a main factor of this function. The ChE 
activity of the air bladder, demonstrated here for the first time, 
provides further support for this supposition. The actmty, which 
is rather low, was measured in the timica interna of the bladder 
and in the gas gland.^ The 630 values, calculated for 100 mg. 
tissue, were 35 and 22 respectively, in using ACh as substrate, and 
20 and 19, in using MeCh. Unfortunately the activity towards 
BzCh was not studied (insufficient amount of material at disposal), 
but the relatively high rate of the hydrolysis of MeCh proposes 
the enzyme to be a specific ChE. In such a case, ACh as a main 
factor of the function of the air bladder is further supported, in 
accordance with the theory of Nachmansohn (1945). 

2. Tissues of Invertebrates 

a) Helix 'poniatia 

The ChE activities of various tissues of the edible snail have 
been reported previously (Augustinsson, 1946 c). In the hydro- 
lysis of ACh the dart sac was found surprisingly active. This 
tissue has the highest concentration of ChE found in any tissue 
studied in this investigation (Table 16). The activity expressed 
in Q units (p. 24) is about 15; in comparison, Q for the frog muscle 
is 0.4 — 0.6, for the sympathetic ganglia of dogs 11 — 19, for the 
electric organs of the common ray and the electric eel 3 — 10 and 
90 150 respectively. As far as the author is aware, very little is 

known about the structure and functions of the dart sac. Hi sto- 
logical inv estigations have shown that this organ is composed 

Prepared by Dr. Raonae Range, Department of Zoology, 
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of smooth muscles richly supplied with nerve fibres (Bodian 
staining method) d No autonomic drugs (ACh, MeCh, CbCh, 
adrenaline, histamine), even in high concentrations, caused the 
organ, to contract.® Nor did ACh cause any action when the 
dart sac was pretreated with physostigmine. 

The ChE activity of the dart sac is quite different from that 
of the Helix blood. MeCh, BzCh, and AAn are split, at low rates 
relatively to ACh; MeCh is destroyed at a higher rate than BzCh, 
but nevertheless the enzyme has not the characteristics of the 
specific ChE (p. 122). ASaCh is hydrolysed very rapidly. The sac 
contains, in all likelihood, an esterase which splits TB, but not 
EA, and which is not engaged in the hydrolysis of ACh. 

In extracts containing 1 g. of the dart sac in 20 ml. Rgg, the ChE 
was precipitated by ammonium sulphate at 50 per cent saturation. 
The yield in this process was 100 per cent. The precipitate, washed 
with ammoniuni-sulphate solution, was dissolved in water and the 
solution used for further experiments after the dialysis against 
distilled water. The enzyme was adsorbed on infusorial earth, but 
no satisfactory procedure has yet been found for eluting the enzyme. 

b) Sefia officinalis 

The “liver” or digestive gland of the cuttlefish contains a ChE 
with a high activity towards ACh; the activities towards MeCh 
and BzCh are much lower. TB and ASaCh are hydrolysed at high 
rates, ASa, AAn, and EA at lower ones. It has been shown (p. 
151) that this material contains at least two enzymes, one hydro- 
lysing ACh and one TB. 

c) Maia squinado 

The abdominal muscles of the spider crab have very low ChE 
activity. Also other esters are hydrolysed at low rates. 

d) Balanoglossus clavigerus 

The ChE activities of different parts of this rare Enteropneusta 
are quite low. In the proboscis and the collar region, the enzyme 
seems to be of the specific type, hydrolysing ASaCh at about the 
same rate as ACh. Scarcely any ChE occurs in the outgrowths of 

^ These investigations have been performed in collaboration "srith Prof. Axel 
Pa-LMOEEn, Department of Anatomy, Royal Veterinary College, Stockholm. 

- The action of drugs on the dart sac was studied in collaboration with Dr. 
Gael G. ScuMiTEELdw, Department of Physiology and Pharmacology, Royal 
Veterinary College, Stockholm. 
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the alimentary canal or the “liver-sacs”. These outgrowths, 
however, hydrolyse ASaCh and EA at a relatively high rate. 
It may be the acetyl-ester linkage in ASaCh that is broken and 
the same enzyme responsible for the hydrolysis of ASaCh and EA. 

e) Sagarlia 'parasitica 

The ChE activity has been determined in those parts of this 
anemone which contain a well-developed diffuse nerve net. At 
very low rate, ACh, BzCh, and MeCh are split. ASaCh and TB, 
on the other hand, are hydrolysed at high rates, and it may be 
supposed that it is the same enzyme which catalyses these reac- 
tions. 

Sagartia belongs to a group of low invertebrates (sea anemones), 
known to be perhaps the commonest and largest forms with a single 
nervous system, a complete columnar nerve net. This actinian nerve 
net resembles physiologically the vertebrate nerve. They differ, 
however, chiefly from each other in the diffuse conduction of the 
nerve net and the fact that an excitation wave in the anemone leaves 
an after-effect that facilitates the transmission of the next excitation 
wave. It would be an interesting task to examine this extreme “fa- 
cilitation” in correlation with studies on the ChE activities. in the 
light of the new hypothesis of Nachmansohn (194:5). Those parts 
of the anemone body which contain the nerve net, split ACh, and this 
observation alone should stimulate more comprehensive studies. 

f) Paracenirotus lividus {Developing Eggs) 

Few articles have appeared dealing with the early ontogenetic 
development of ChE (p. 13). The enzyme activity has been 
determined by the author in sea-urchin eggs, both fertilised and 
unfertilised. Preliminary experiments showed that the ChE 
activity of Echinoplutei larvae is high; unfertilised eggs, on 
the other hand, were inactive. From a biological point of view, 
it would he interesting to trace the changes of the ChE concentra- 
tions at various stages of development. From a chemical point of 
view, such experiments would give valuable informations of the 
problem whether one or more enzymes are present. Therefore, the 
activities towards different substrates have been measured and 
compared with each others. Extracts of frozen and dried eggs (p. 
45) were used and their esterase activities determined. This pro- 
cedure is based on the assumption that the esterase(s) is (are) 
e uted by Rjo similarly and almost completely, no matter whiejh 
stage it may be. The total amounts of dissolved protein, however, 

^—474206 
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Table 19. Esterase Activities of Developing Sea-Urchin Eggs 




Unfer- 

tilised 

1 Hours after fertilisation 

"65” .. 



eggs 

7 

12 

18 

30 

48 

65 


Per cent nitrogen of 
the solutions . . . • 

1.00 

1.26 

1.09 

0.86 

0.92 

0.66 

0.46 


ACh 

1 ’ ^30 

0 

8 

15 

24 

103 

246 

30 



630/4 mg. N 

0 

6.5 

14 

28 

112 

373 

65 

17.4 

MeCh 

^30 

2 

7 

12 

20 

89 

209 

23 



%ofACh(63o) 

— 

88 

80 

83 

86 

85 

77 



630/4 mg. N 

2 

5.5 

11 

, 23 

97. 

317 

50 

15.8 

ASaCh 

^30 

45 

— 

43 

55 

133 

263 

102 



630/4 mg. N 

45 

— 

39.5 

64 

145 

399 

222 

55.6 

ASa 

hso 

12 

— 

19 

19 

— . 

50 

27 



630/4 mg. N 

12 

— 

17.5 

22 

— 

76 

59 

77.6 

TB 

630 

45 

47 

65 

68 

94 

168 

96 



630/4 mg. N 

45 

37.5 

59.5 

79 

102 

255 

209 

82.0 


were not the same for all preparations (see Table 19); for the 
higher stages (48 and 65 hours) these amounts were about 50 
per cent of those of unfertilised eggs and fertilised eggs of early 
stages. The total nitrogen concentrations of the original freezing- 
dried preparations were approximately the same. The enzymic 
activity is expressed as p.l. CO2 evolved in 30 minutes (630), this 
value calculated for 4 mg. nitrogen, which was the amount of 
N in the experiments with unfertilised eggs. The activities are 
tabulated in Table 19 and plotted against hours after fertilisation 
in Fig. 3. 

It is biologically interesting that the ChE activity is uniformly 
absent in unfertilised and fertilised eggs during the first two hours, 
but at stage 20 hours there is a rise which grows steeper as it progresses 
to the high values of the stage of “well-developed Plutei larvae with 
moving intestine” (48 hours). This sudden increase in ChE content 
may be correlated with the requirement for a rapid cleavage of ACh. 
For significant correlations have been found to exist between the 
amount of ChE present and the functional capacity of the ACh-ChE 
system (p. 13). Now the question arises whether a correlation exists 
between the development of the nervous system of sea urchins and 
the formation of ChE, shown, for example, throughout the larval 
life of Ambly stoma (Sawyer, 1943) and in developing grasshopper 
embryos (Tahmisian, 1943), This problem will be discussed more 
fully in due course by T. Gustafson and the present author. 




4.0 mg. nitrogen 
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Hours after fertilisation 


rig. 3. Esterase activities of developing sea-nrchin eggs. Enta from TaWc 19. 


As regards tlie activities towards other choline esters, it is im- 
portant to note that the hydrolysis of MeCh parallels almost 
exactly that of ACh. It must therefore he established that the 
same enzyme of the eggs splits ACh and MeCh. The developing 
curve for the hydrolysis of TB, on the other hand, is distinct from 
the corresponding ACh curve. This is a real proof that two distinct 
enzymes exist in sea-urchin eggs, one splitting choline esters, 
the other tributyrin. In contradistinction to the ChE, the tributy- 
rinase is present in unfertilised eggs. The concentration of the 
latter decreases a little during the first two or three hours after 
fertilisation. Generally, the activity curve is not of such a uniform 
shape as in the case of ChE. The activity towards ASa varies 
almost parallel to that towards TB, and it is therefore justifiable 
to suppose that the same enzyme is responsible for the hydrolysis 
of the two substrates. 


As ever, the hydrolysis of ASaCh is more difficult to analyse. 
Unfertilised eggs split this substance at about the same rate as 
they do TB. It is supposed that during the early stages of develop- 
S concentration is low or zero, the acetyl-ester 

cotSI? '’I “tatyimase, men ChE is fomed in high 
concenteW. rt ssems as this enzyme plays a great role in the 
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hydrolysis of ASaCh, and then it may be the other ester linkage 
that is also split. 

The 65-hours stage gave surprisingly low values. It may be 
proposed that the activities are inhibited by some substance of 
the preparation. Most probably, however, the unexpected low 
esterase activities are due to an involution,, that is, a retrograde 
change of the embryos at this stage of development. The results 
are interesting from a chemical point of view. If the values of 
the 65-hours stage are compared with those of the 48-hours stage, 
we find the proportions to be of the same range in the hydrolysis 
of ACh and MeCh (17 and 16 per cent) and in the hydrolysis of 
TB and ASa (78 and 82 per cent) respectively. The activity of 
the 65-hours stage towards ASaCh is 56 per cent of the activity 
of the 48-hours stage, that is, between the values obtained for the 
choline esters and the ordinary esters. This result offers further 
proof that two enzymes attack ASaCh and that both ester link- 
ages are split in this double ester. 

g) Marine Animals Belonging to Various Groups of Invertebrates 

The author has previously reported the results obtained with some 
marine invertebrates (Augustinsson, 1946 b). In these early in- 
vestigations, the hydrolysis of ACh was compared with those of 
MeCh and BzCh in order to offer proofs for the hypothesis of Mendel 
and his co-workers (p. 20). These experiments showed, however, that 
the method suggesting the use of MeCh and BzCh in order to estimate 
the specificity of ChE is insufficient. Thus, some species hardly 
split any of the two substrates and still others hydrolyse MeCh 
at a higher rate than ACh, later on also found with other material 
(p. 21). An explanation of this will be given in Chapter IX. In a 
iprevious paper the author stated that “the reactions used to distin- 
guish between a ’true’ and a ’pseudo’ ChE with the help of two 
choline esters do not tell the complete story about the types of this 
enzyme” (Augustinsson, 1946 a). The problem seems to be far more 
complicated (see Chapter XIII). 

h) Bee Venom 

Bee venom had not been incorporated previously in the great 
collection of materials used in ChE studies when the present 
author started his investigations. It would be interesting, however, 
to compare this venom in its relationship to the system ACh-ChE, 
remembering the marked ChE activity of snake venom (p. 11). 

In the few preliminary experiments performed, a 0,1 per cent 
Ran solution of a crude preparation of the venom has been used. 



75 


Table 20. Adion of Bee Venom on the Enzymic Hydrolysis of ACh 


Venom 

mg. 

Enzyme 

Substrate 

' 

^30 

0.2 

Eao 

1^30 

0 



ACh 

1 

2.0 

n 


0 

. _ 1 

Purified horse serum ChE j 

ACh 

179. 

0.2 I 

» » D 

» 

163 

i 

Purified horse serum ChE i 

ACh 

201 

2.0 

» 9 ft 

» 

106 

1 

Cow erythrocytes 

ACh 

133 

2.0 

ft ft 

ft 

133 


The results, summarised in Table 20, show that the venom has no 
ChE activity, determined with ACh as substrate. The venom in- 
hibited the enzyme activity of a purified ChE preparation from 
horse serum, but it seems to have no effect on the enzyme of 
red blood cells. Other experiments have not been performed with 
this material, as it is the supposition of the author that bee venom 
is not worthy of particular interest in ChE studies. 

Only when the experimental work was finished was the author in- 
formed of the results of Zeller, Kochbr and Maritz (IQff) who 
reported no ChE activity for the bee venom. In addition these 
authors observed that bee venom and scorpion venom as well inhibit 
the serum ChE. The short communication, however, does not contain 
any numerical data. 


Chapter VII 


THE COURSE OF ENZYMIC HYDROLYSIS OF CHOLINE 
ESTERS BY ESTERASES OF VARIOUS SOURCES 


A. InTRODUCTlON 

It has been stated that both the non-enzymic and enzymic hydro- 
lysis of ACh revert to the kinetics of a first-order reaction. This has 
been pointed out, for instance, by Vahlquist (1935), Abdon and 
UvNAS (1937), Clark et al. (1938), and Riechert and Schnarben- 
bebger (1942). Some authors, however, found higher values of the 
reaction constant in the later periods of the enzymic hydrolysis 
^LATTNER et al., 1928; Plattner & Hintner, 1930; Zipf, Jahn & 
Renshaw, 1938; Clark & Ravent6s, 1938). A comprehensive study 
on the kinetics of the system ACh-ChE has been performed by 
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Straus and Goldstein (1943) and Goldstein (1944). They stated 
that the enzymic hydrolysis of ACh as a first-order reaction is actually 
true only under, certain definite limited conditions. In all these 
previous investigations, blood serum was used as enzyme prepara- 
tion. The reaction kinetics of the enzymic hydrolysis of choline esters 
have not been studied previously with ChE from other sources.^ 
The discovery that ChE is not to be regarded as a single entity, 
entitles one to re-examine the kinetics of the enzymic hydrolysis 
of ACh and other choline esters by various ChE preparations. It 
was shown in preliminary experiments, the results of which have 
been recorded in the foregoing Chapter VI, that the choline- 
ester splitting enzymes from various sources present consid- 
erable differences as regards their activities towards ACh and 
other choline esters. It is to be expected that these facts might 
be reflected in the course of reactions. Moreover, it has been found 
previously that one type of enzyme, the specific ChE, is inhibited 
by excess of.substrate; the equilibrium between enzyme and sub- 
strate according to the law of mass action is disturbed. The in- 
activation of the enzyme by temperature and choline, produced 
during the hydrolysis, may also give rise to deviations from the 
characteristics of the laws of zero- and first-order reactions. 
Therefore, it is to be expected that the majority of ChE reactions 
are not simply zero- or first-order reactions. In the great series 
of experiments carried out, it was found, however, that many 
reactions presented typical properties as regards their kinetics. 
It is the purpose of the following discussion to show that such 
characteristics really exist and that the reactions may be classified 
according to these characteristics. The experiments were per- 
formed from a comparative point of view and the results used 
in the drawing of conclusions as to the type of choline-ester 
Splitting enzymes. 

The course of reactions were studied in the hydrolysis of choline 
esters and, in some cases, of tributyrin catalysed by esterases of 
various tissues. In comparison, the non-enzymic hydrolysis of 
some substrates were investigated. In each case the reaction 
constants- of proposed zero- and first-order reactions were cal- 
culated according to 

® 1 a 2 

ko~- and ^=-log (1 a, b) 

t 0 Co ' 

^ Schaefer (1947), in a recent paper, lias given interpretation on the kinetics 
of the ACh hydrolysis by blood serum and erythrocytes. 

- For the sake of convenience, the first-order reaction constant is expressed 
in this way, though not strictly correct; the true constant is fci X 2.303. 
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respectively, ko and h are the reaction constants. The initial con- 
centration of the substrate, a, and the amount of substrate 
hydrolysed, x, after the time t (minutes) are expressed in p.l. COj. 
Thus a is the amount of CO2 which is theoretically evolved if 
the reaction is allowed to go to completeness. The a values of 
all substrate solutions used are listed in Table 9 and found also 
in some cases in the Tables of this Chapter. 

It was observed that the reaction constants, both and k^ 
were not really “constants” in most cases. Tor this reason, the 
activity of ChE has been determined at a relatively high substrate 
concentration and at low enzyme concentration and for a short 
time and the initial slope of the activity-time curve, minus the 
slope of the corresponding curve for non-enzymic hydrolysis, 
taken as an expression of the enzyme activity. The extrapolated 
30 minute value was taken as unit, symbolised by &30. These 630 
values are also shown in the following Tables. The advantage of 
this arrangement is that the amount of substrate hydrolysed is 
limited in such a way that the substrate concentration remains 
high and so the enzyme acts at maximum activity. Moreover, 
the short reaction period prevents the accumulation of choline 
which may be supposed to inhibit the enzyme competitively. 


B. Kiketics op Non-Enzymic Hydrolysis 

Confirming previous results of other investigators the non- 
enzymic hydrolysis of ACh was foimd to revert to the kinetics 
of a first-order reaction. ki of the hydrolysis in the six ACh 
solutions used are found in Table 23. During the first 30 minute 
period the relatively low rate of this reaction was proportional 
to time. This was also true for the other substrates used. The rates 
of non-enzymic hydrolysis were expressed in p.l. CO2 per 30 minutes 
and these values are listed in Table 9. 

It was reported in Chapter V that both ester linkages in ASaCh 
are split non-enzymically. More detailed data of the spontaneous 
hydrolysis of an ASaCh(3) solution are found in Table 21. In the 
beginning of this reaction its rate was directly proportional to 
time (ko 0.25). The first-order reaction constant was calculated, 
presuming that both ester linkages were split, and found to fall 
off slowly during the reaction up to 50 per cent hydrolysis. The 
constant was also calculated for the breakdown of only one of the 
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Table 21. The Course of Non-Enzymic Hydrolysis of ASciCh 

a ~ 296.5 (il. 


Time 

(min.) 

t 

Pl. CO3 

X 

Hydrolysis % 

ko X 10» 

1-1 X 10‘ 

(a) 

(2a) 

(a) 

{2a) 

20 

5 

1.69 

0.85 

250 

3.70 

1.85 

40 

10 

3.38 

1.69 

250 

3.70 

1.85 

60 

14 

4.62 

2.36 

233 

3.42 

1.73 

142 

32 

10.80 

5.40 

225 

3.50 

1.70 

217 

45.5 

15.36 

7.68 

210 

3.50 

1.60 

531 

98.5 

33.2 

16.6 

186 

3.30 

1.48 

983 

156 

53.6 

26.3 

159 

3.39 

1.35 

1679 

244 

82.4 

41.2 

145 

4.50 

1.37 

2 703 

324 

— 

54.6 

120 

— 

1.27 

2 940 

343 

— 

.57.8 

117 

— 

1.27 


linkages and found to be fairly “constant” during the main part 
of reaction. 

C. Studies at Various Enzyme Concentrations 

Tbe enzymes have been used in low concentrations in order to 
obtain a straigbt-line relationship between reaction rate and 
time. In many cases such a relationship holds for a wide range of 
enzyme concentrations, provided that the substrate concentration 
is not too low (e.gr., ACh-blood serum). In still other cases, a 
straight line has not been obtained' even at very low enzyme 
concentrations and high substrate concentrations {e.g., TB- 
guinea-pig liver). When the reaction rate fell off quickly already 
from the beginning of the reaction, the initial slope of the activity- 
time curve could not be evaluated adequately. In such cases 
the activity was expressed as h^o, obtained by reading the 30 
minute value on the bent curve and subtracting the correspond- 
ing value of the non-enzymic hydrolysis. Such values are placed 
in parentheses in Tables 10 and 16. This procedure, however, 
was not needed very often. 

Two examples of the hydrolysis at various enzyme concentra- 
tions are found in Table 22 which lists the values of Tcq and 630 
for 40 minute periods, immediately following the addition of 
enzyme to substrate. Tc^ was calculated for the total (non-enzymic 
-h enzymic) hydrolysis, 630 for the enzymic hydrolysis. Regarding 
the ACh hydrolysis by horse blood cells, a straight line rela- 
tionship was obtained at all enzyme concentrations [Tcq constant). 
This is characteristic of enzymes with high affinity and holds 
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Table 22. The Course of Hydrolysis at Various Enzyme Concentrations 


Cf. pigs. 4 and 5. 


Substrate | 

ACh(3) 

ASaCh{3) 

Enzyme 

Erythrocytes (horse) 

Liver (guinea pig) 

Relative 


[il. COj 

koXW 

m 

iii. CO2 
X 

itoXlO* 

■■1 



Actual 




cone. 

t 

release 

X 


H 



imi 

1 

7 

42.5 

23.5 

336 


43.5 

622 



14 

64 

45 

322 


87 

622 



23 

97 

78 

339 

93 

135 

587 

180 


30 

119 

100 

333 


166 

553 



40 

152 

133 

333 


202 

505 



7 

24 

15 

214 


26 

371 


14 

38.5 

29.5 

211 


52 

371 



23 

57.5 

48.5 

211 

57 

84 

365 

106 


30 

72.5 

63.5 

212 


102 

340 



40 

95 

86 

215 


130.5 

326 


V. 

7 

13.5 

8.5 

121.5 


14 

200' 


14 

22 

17 

121.5 


28.5 

204 



23 

33 

28 

121.5 

29 

46 

200 

53 


30 

42 

37 

123.5 


59 

197 



40 

54 

49 

122.5 


76 

190 


v» 

7 

8 

5 

71.4 


9 

129 


14 

13.5 

10.5 

75.0 


16.5 

118 



23 

20 

17 

74.0 

15 

25.5 

111 

26 


30 

25 

22 

73.3 


32.5 

108 



40 

33 

30 

75.0 


42.5 

106 

1 


in. most cases ■when the enzymic hydrolysis is depressed by 
excess of substrate. 

Regarding erythrocyte haemolysate as an esterase preparation 
(Table 22), a few words must be said about the spontaneous 
hydrolysis which sets in immediately after adding the haemolysate 
to the bicarbonate solution. This liberation of CO 2 is due to the 
action of carbonic anhydrase which occurs especially in the 
erythrocytes. This enzyme is also present in traces in other 
animal tissues (vertebrate as well as invertebrate) and a small 
“spontaneous” hydrolysis was therefore also observed in such 
cases. The action of carbonic anhydrase has ended after about 
2 — 3 minutes. Pig. 4 shows the total hydrolysis of ACh by horse 
erythrocytes at various enzyme concentrations (cf. Table 22). 
The curves are typical for the reactions where blood cell haemo- 
lysate is used. In such cases the “ChE curves” were extrapolated 
to zero time and the intercept subtracted from the 30 minute 
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Fig.^ 4. Total (non-enzymic + enzymic) hydroljrsis of ACh by various concen- 
trations of horse erythrocyte ChE. Data from Table 22. Thin line refers to an 
experiment carried out in the absence of ACh. '^Autolysis” means self-decomposi- 
tion (non-enzymic hydrolysis) of the substrate. 


values. The &30 values were then calculated in the usual manner 
by subtracting the amount of CO 2 in jl/.L evolved during 30 minutes 
by non-enzymic hydrolysis of the substrate. In Fig. 4 a reaction 
curve (thin line) for the action of carbonic anhydrase is also 
shown, obtained by measuring the liberation of CO 2 when the 
haemolysate was mixed with the bicarbonate solution without 
any ester. The mixing of enzyme preparation and bicarbonate 
solution was made as quickly as possible in order to minimize 
the disturbance of temperature equilibrium. Manometric readings 
were made at 30 and 60 seconds and afterwards at 1 minute 
intervals. In the experiment demonstrated in Fig. 4, the amount 
of CO 2 evolved after 2 — 3 minutes by the action of carbonic 
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anliydrase was 19 //.I., that is, the same value as was obtained 
by extrapolating the corresponding ChE curve to zero time. 
At the 40 minute period the liberated COa had increased to about 
21 y-l; that increase was too small to be taken notice of in calcu- 
lating the ChE activity. In the other experiments with various 
haemolysate concentrations at constant ACh concentration, the 
extrapolated zero values showed direct proportionality between 
the amount of COa, liberated by the action of carbonic anhydrase, 
and enzyme concentration. 

In the hydrolysis of ASaCh by guinea-pig liver (Table 22) 
the reaction rate fell off during the first 40 minute period. This 
falling off was especially obvious when the initial rate was high, 
but also at low enzyme concentrations the rate decreased, in 
opposition to the hydrolysis of ACh by eryi^hrocytes. The h 
values have not been calculated for the ASaCh hydrolysis as it 
was not known whether one or both ester linkages were split and 
thus the initial substrate concentration expressed in a was un- 
known (cf. p. 77). 

The relation between enzyme activity and enzyme concentra- 
tion will be discussed in Chapter VIII. 

D. Studies at Various Substrate Concentrations 

The reaction course has been studied for the enzymic hydrolysis 
of ACh by horse serum ChE, cow erythrocyte ChE, dog brain, 
the blood and the dart sac of ffeltx ‘po7natia, and of BzCh by 
guinea-pig liver. These six examples have been selected because 
they gave the most characteristic patterns throughout this in- 
vestigation. The results are recorded in Tables 23 — ^28. They show 
the total hydrolysis of the substrate at various substrate con- 
centrations. It may be noticed that the constants were calculated 
for the total hydrolysis, that is, for the enzymic and non-enzymic 
hydrolysis taken together. Therefore, Jcq and ki are the sums of 
two constants respectively. In comparison with the rate of en- 
zymic hydrolysis, the rate of non-enzymic hydrolysis was low 
and reverted to the law of a first-order reaction {hi constant). 
The rate of non-enzymic hydrolysis was really so low that 
the amount of COj spontaneously evolved was practically 
to be regarded as proportional to time {h^ constant). Because of 
this and as the reactions were studied only during a short period 
(40 minutes), the constants calculated for the total hydrolysis 
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Table 23. The Course of Hydrolysis of ACh by Horse Serum ChE 
{purified) at Various Substrate Concentrations 

hi values of enzymic hydrolysis in italics. 

Solution No 1 2 3 ,4 5 q 

hi X 10* of non-enzymic hydrolysis 

(mean values) 0.9 1.4 2.1 5.0 12.1 30.0 


Total hydr. 
corresponds 
to a (/.I. 


(jil. CO 2 
X 

Hydro- 

lysis 

% 

ioXlO’' 

i-iXlO* 


ACh(l) 

7 

58 

1.18 

828 

7.29 

6.Sff 


a =. 4 928 

14 

114 

2.31 

814 

7.29 




23 

187 

3.80 

813 

7.30 


204 


30 

243 

4.93 

810 

7.33 




40 

320 

6.50 

800 

7.30 



ACh(2) 

7 

50 

3.38 

714 

21.3 

19.9 


il 

14 

100 

6.76 

714 

21.7 




23 

163 

11.0 

708 

22.0 


186 


30 

205 

13.9 

683 

21.7 




40 

279 

18.9 

698 

22.8 



ACh(3) 

7 

41 

8.83 

586 

54.0 

51.9 


a ~ 493 

14 

82 

16.7 

586 

56.7 




23 

130 

26.4 

565 

57.9 


153 


30 

160 

32.5 

533 

56.9 




40 

203 

41.2 

508 

57.7 



ACh(4) 

7 

35 

23.6 

500 

167 

162 


a 5=s 148 

14 

66.5 

44.9 

' 475 

185 




23 

92 

62.2 

400 

184 


118 


30 

109 

73.6 

364 

193 




40 

123 

83.1 

308 

193 



ACh(5) 

7 

19 

38.5 

272 

302 

290 


0 — 49.3 

14 

33 

66.9 

236 

344 




23 

44 

89.3 

191 

422 


53 


30 

48 

97.4 

160 

528 




40 

49 

99.5 

123 

555 



ACh(6) 

7 

9 

60.8 

129 

581 

551 


n "14 8 

14 

12.5 

84.5 

89.3 

578 


I 


23 

14 

94.6 

60.8 

551 




30 

15 

100 

— 

— 




may give clear pictures of the types of the enzymic reactions. 
Moreover, the purpose of this series of experiments has been 
to compare ChE reactions, the kinetics of which are characteristic. 

Blood serum. It was shown in preliminary experiments that the 
reaction velocity falls off with time of hydrolysis when blood 
serum catalyses the hydrolysis of ACh. Table 23 lists the results 
from such an experiment carried out at various initial concentra- 
tions of the substrate and at the same concentration of a purified 
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ChE preparation from torse serum. In each of the six experiments 
the values of ko were lowered with the time of reaction. This was 
more pronounced at lower initial substrate concentrations. When 
these concentrations were high, Tco was changed only a little and the 
amount of hydrolysed ester almost directly proportional to time. 
The lowering of ko at lower ACh concentrations, however, was 
not very great, and the &30 values of the enzymic hydrolysis 
were easily obtained by extrapolation. The 630 (and ho) values 
successively decreased from high to low ACh concentrations, said 
to be characteristic of the non-specific ChE. More details about 
the ChE activity at various substrate concentrations will be dis- 
cussed in Chapter IX. 

The values of the first-order reaction constant, hi, were higher 
in the later periods of the hydrolysis than in the beginning. 
This rise was more marked at low initial ACh concentrations. 
At high Concentrations and when the percentage hydrolysis was 
low, hi was practically constant. The values of hi (enzymic) 
in the beginning of the hydrolysis for each ACh concentration 
range increased about 85 times when the substrate concentration 
decreased from 10“‘ to 3 x 10"“^ M. 

It is assumed throughout this investigation that the action 
of ChE obeys the Michaelis-Menten theory. If, at constant 
pH, the substrate concentration is high enough during the main 
part of the reaction to saturate the enzyme, fco would remain 
constant. It is reasonable to suppose that this would be the case, 
at least at high substrate concentrations and no inhibition by 
the products of reaction, for such a highly active enzyme as 
ChE. If the substrate concentration is low and hence the ChE 
not saturated completely with ACh, the hydrolysis might be a 
first-order reaction. Neither of these cases applies to the hydrolysis 
of ACh by blood serum, and therefore the initial reaction velocity, 
expressed as 630, is the most adequate way to state the enzyme 
activity. A lowering of ho, even at rather high substrate concentra- 
tions, is most probably due to an inhibition of the enzyme by 
the products of reaction. It may be assumed that choline, one 
of the two products, imites reversibly with ChE and because of 
that the velocity falls off during runs. The effect of choline of 
various concentrations has been investigated for a series of ACh- 
ChE systems; the results of such experiments will be discussed in 
Chapter X. Acetic acid does not inhibit the ChE activity. The 
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Table 24. The Course of Hydrolysis of AGh by Cow Erythrocyte ChE 
{purified) ut Various Substrate Concentrations 


Of, Table 23. 


Total hydr. 
corresponds 
to a [xl. 

Time 

(mm.) 

t 

1x1. COa 

X 

Hydro- 

lysis 

0/ 

/o 

fcoXlO“ 

£iXl0‘ 

^30 

ACh(l) 

7 

16 

0.33 

229 

2.00 1.10 


a = 4 928 

14 

33 

0.67 

236 

2.14 



21 

49 

0.99 

233 

2.09 

38 


30 

70 

1.42 

233 

2.07 



40 

94 

1.91 

235 

2.10 


ACh(2) 

7 

19 

1.28 

272 

8.00 6.60 


o = 1 479 

14 

39 

2.64 

279 

8.28 



21 

69 

3.99 

281 

8.43 

69 


30 

83 

5.61 

277 

8.37 



40 

no 

7.44 

275 

8.40 


ACh(3) 

7 

23 

4.67 

329 

29.7 27.6 


a = 493 

14 

48 

9.74 

343 

31.8 



21 

72 

14.6 

343 

32.6 

96 


30 

103 

20.9 

344 

34.0 



40 

136 

27.6 

340 

35.1 


ACh(4) 

7 

34 

23.0 

486 

162 167 


a = 148 

14 

68 

45.9 

486 

191 



21 

95 

64.2 

453 

212 

145 


30 

122.5 

82.8 

408 

255 



40 

136 

91.9 

340 

273 


ACh(6) 

2.5 

12 

24.4 

480 

486 474 


a = 49.3 

4.5 

22 

44.6 

489 

570 

140 


7 

34 

69.0 

486 

727 



14 

50 

100 

— 

— 


ACh(6) 

2.5 

7 

47.3 

280 

1 no 1 080 


a = 14.8 

4.5 

12.5 

84.5 

278 

1800 

82 


7 

14 

94.6 

200 

1810 



14 

15 

100 

— 

— 



serum ChE is not inactivated by beat at 37.5°C in 3 — 4 hours 
and pH does not change during the reaction. 

Erythrocytes. In the hydrolysis of ACh by blood-cell ChE 
the results were not of the same kind as those obtained with 
the serum enzyme (Table 24). At almost all ACh concentrations, 
the velocities were not at all, or very little changed during the 
40 minute period, which means that all activity-time curves were 
very nearly straight lines and that the values of Tco remained 
fairly constant even at low ACh concentrations and near the end 
of the hydrolysis. Most characteristic of this ChE is the lower 
reaction velocities at high initial substrate concentrations than 
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Table 26. The Course of Hydrolysis of ACh hy Helix Blood (40 fd.) 
at Various Substrate Concentrations 

Cf. Table 23. 


Total hydr. 
corresponds 
to a |jl1. 

Time 

(min.) 

i 

[xl. COj 
X 

Hydro- 

lysis 

0/ 

/o 

fcoXlO" 

fciXlO' 

&30 

ACfa(l) 

6 

45 

0.91 

75.0 

6.67 5.77 


0 = 4 928 

13 

98 

1.99 

75.4 

6.77 



20 

152.5 

3.10 

76.2 

6.85 



30 

226 

4.58 

75.3 

6.80 

194 


38 

286 

5.80 

75.2 

6.82 



47 

350 

7.10 

74.5 

6.81 


ACh(2) 

6 

62.5 

4.22 

104 

31.2 29.8 


o = 1 479 

13 

132.5 

8.96 

102 

31.4 



20 

198 

13.4 

99.0 

31.3 

324 


30 

277 

18.7 

92.3 

30.O 



38 

348 

23.5 

91.5 

30.6 



47 

425 

28.7 

90.4 

31.2 


ACh(3) 

6 

82.5 

16.7 

138 

132 130 


a = 493 

13 

172 

34.9 

132 

143 



20 

248 

50.3 

124 

152 

413 


30 

363 

73.6 

121 

193 



38 

415 

84.2 

109 

211 



47 

452 

91.6 

96.2 

229 


ACh{4) 

2.5 

36 

24.3 

144 

483 478 


a = 148 

6 

85 

57.5 

142 

619 



13 

142 

95.9 

109 

I 1065 

419 


20 

145.5 

98.3 

72.8 

885 



30 

147 

99.3 

— 

— 



38 

147 

99.3 

— 

— 


ACh(5) 

2.5 

30 

60.8 

120 

1 630 1 618 


o = 49.3 

6 

48 

97.4 

80 

2 640 

356 


13 

50 

100 

— 

— 


ACh(6) 

2.5 

8 

54.1 

32 

1 353 1 323 

1 on 

a = 14.8 

6 

15 

100 

— 

— 



time cvirves were straight lines except at low ACh concentrations 
and when the hydrolysis had reached more than 80 per cent. 
As with the activity of the erythrocyte ChE, that of the brain 
enzyme was depressed by high ACh concentrations. ki (enzymic) 
increased with time of reaction and was 1 400 times higher at 
the lowest initial ACh concentration than at the highest one. 

Helix blood. The velocities of the hydrolysis of ACh catalysed 
by Helix blood were fairly constant during runs of reactions 
(Table 26) up to nearly complete destruction of the substrate (cf. 
Fig. 37, p. 153). The enzyme of this invertebrate blood, as well as 
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Table 28. The Course of Hydrolysis of BzQh by Guinea-Pig Liver 
{100 mg.) at Various Substrate Concentrations 


Of. Table 23. 


Total hydr. 
corresponds 
to a [xl. 

Time 

(min.) 

t 

[J.1. COs 

X 

Hydro- 

lysis 

% 

1-0 X 10 

X 

10‘ 

^30 

BzCh(l)' 

6 

247 

6.72 

412 

50.3 

o0,0 


0 = 3 683 

12 

411 

11.2 

342 

43.0 



20 

559 

15.2 

280 

35.8 


1372 


30 

678 

18.4 

226 

29.4 



40 

760 

20.6 

190 

25.1 



BzCh(2) 

6 

117 

10.6 

195 

81.2 

80J 


a = 1 103 

12 

216 

19.6 

180 

78.9 




20 

306 

27.7 

153 

70.4 


608 


30 

388 

35.2 

129 ■ 

62.8 



40 

442 

40.0 

111 

55.4 



BzCh(3) 

6 

49.5 

13.4 

82.5 

104 

104 


a = 368.5 

12 

93 

25.3 

77.5 

106 




20 

121.5 

33.0 

60.8 

86.9 


1 292 


30 

160 

43.5 

53.3 

82.7 



40 

189 

1 51.3 

47.3 

78.1 



BzCh(4) 

6 

18.5 

16.7 

30.8 

132 

132 


a = 110.5 

12 

35 

31.7 

29.2 

138 



20 

52 

47.1 

26.0 

138 


98 


30 

67 

60.7 

22.3 

135 


j 

j 

40 

78 

70.6 

19.5 

133 ■ 


J 

( 

j BzCh(5) 

2.5 

5.5 

14.9 

22.0 

280 

2S0 

1 

1 

a = 36.8 

4.5 

9 

24.5 

20.0 

272 



6 

12 

11.5 

19 

31.2 

51.6 

19.2 

15.8 

271 

262 


54 


20 

26 

70.7 

13.0 . 

267 




30 

31.5 

85.6 

10.5 

281 



BzCh(6) 

2.5 

4 

36.4 

16.0 

786 

736 

I 

a = 11.0 

4.5 

6 

54.5 

13.3 

760 



6 

8 

72.8 

13.3 

942 

1 

O ( 

1 

12 

11 

100 1 

— 

— 

1 



contradistinction to the ffefe-blood enzyme, the ChE of the dart 
sac was not inhibited by excess of substrate. The value of the 
first-order reaction constant at initial ACh concentration increased 
about 60 times from the lowest to the highest concentration 
range. 

Guinea-fig liver. The course of the hydrolysis of BzCh by guinea - 
pig liver differed greatly from the kinetics of the ACh reactions 
reported above (Table 28). The reaction velocities fell off definitely 
with time. At low BzCh concentrations this falling off was char- 
acteristic of a first-order reaction. At high substrate concentrations 
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the velocities decreased so rapidly that the first-order reaction 
constant also fell off. The values of /to and 630 respectively 
increased considerably with increasing initial BzCh concentra- 
tion. The /ti value in the beginning of the enzymic hydrolysis 
was 15 times higher at low than at high BzCh concentrations. 

A brief discussion of these results will be found in the next 
section. 

E. Comparison op the Hydrolysis op Various Esters 

The reaction kinetics of the hydrolysis of certain esters in 
addition to ACh by the enzyme preparations considered in the 
foregoing section have also been studied. The purpose of this 
series of experiments has been to compare the various reactions 
with each other, rather than to determine the order of the reac- 
tion. Because of the uncertainty whether both or only one of 
the ester linkages in ASaCh were broken, only the values of I’o 
have been calculated in these cases; the same was true for TB 
all the ester linkages of which are, it is true, identical but a priori 
may not be split at the same rate. The results of these experiments 
are listed in Table 29. 

Blood plasma. The kinetics of the hydrolysis of BzCh, ASaCh, 
and TB by horse plasma were much the same as those of ACh; 
the reaction velocities fell off slowly. 

Erythrocytes. It was characteristic of the enzymic hydrolysis 
of ileCh by human erythrocytes that the velocity fell off rapidly 
with time, in sharp contrast to the corresponding ACh hydro- 
lysis. This falling off was greater than that characteristic of a 
first-order reaction and consequently In decreased with time. 
Also the reaction velocity of the ASaCh hydrolysis decreased 
rapidly. The low rate of the TB hydrolysis was not changed 
during the 40 minute period. 

Brain. The low velocities of the hydrolysis through the ac- 
tion of brain extracts were constant or decreased slowly. At 
higher enzyme' concentrations the falling off was more obvious. 

Helix blood. The velocities of the MeCh and ASaCh hydrolysis 
catalysed by Helix blood decreased more rapidly than in the 
ACh breakdown. In the MeCh reaction this falling off was greater 
than that characteristic of a first-order reaction, as with the 
hydrolysis of MeCh by. the erythrocyte ChE. h decreased in 
the MeCh- and increased in the ACh-hydrolysis. Also in the 
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Enzyme 


Substr. 


Table 29. The Course of Hydrolysis of Certain 
Substrate solutions No. 3. Complete hydrolysis 


Horse plasma (100 al.) 



83 16.8 
166 33.7 
232 47.1 
304 61.7 
360 73.1 



BzCh 

ASaCh 

% 

fcoXlO 

X 

fcoXlO 

10.0 

52.8 

70.5 

101 

20.6 

54.3 

129 

92.2 

31.0 

54.3 

178 

84.8 

42.8 

52.7 

236 

78.7 

53.8 

49.5 

280 

70.0 

161 

290 



Enzyme 


Human erythrocytes (200 [rl.) 


Substr. 


< 

1 X 



75.5 15.3 108 49.5 10.5 70.7 
161 32.6 115 86 18.8 61.4 

235 47.6 112 116.5 25.5 55.5 
334 67.7 111 145 31.7 48.3 

448 91.0 112 168 36.8 42.0 


ASaCh 

TB 

X 

1:<,X 10 

a: 

h X 10 

87 

124 

10.5 

15.0 

139 

99.4 

21.5 

15.4 

171 

81.5 

32.5 

15.5 

203 

67.6 

47 

15.7 

224 1 

56.0 

62 1 

15.5 

(196) 

46 


Enzyme 


Substr. 


t 


2.8 233 

5.5 225 



Dog brain (100 mg.) 




% fcoXlO^ a; ( % k,xW x k.xW x l-„xl0= 


5.5 1.2 

10.5 2.3 

17.5 3.8 



fSi 

OF 
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Esters by Various Enzyme Preiparations 

corresponds to <i (■^1- CO 2 (see TnWe 9)* 


Enzyme 


Helix blood (40 (J-1.) 


Substr. 

ACh 

MeCh 

ASaCh 

AAn 

t 

X 

% 

0 

X 

0 

B 

% 

i*„xl0= 

fc.XlO* 

X 

/.-oXl0= 

X 

0/ 

/o 



8 

66 

13.4 

825 

28 

G.l 

350 

34.3 

15.5 

194 

20.5 

8.7 

256 

49.2 

16 

132 

26.8 

825 

49 

10.7 

306 

30.7 

28 

175 

40 

16.9 

250 

50.2 

24 

197 

40.0 

821 

66 

14.4 

275 

28.1 

38 

158 

58.5 

24.S 

244 

51.6 

32 

264 

53.6 

825 

81 

17.7 

253 

26.4 

45 

141 

74 

31.3 

231 

51.0 


3321 

62.3! 

1 

830 

89 

19.6 

222 

23.7 

51 

128 

87 

36.8 

218 

49.8 

&30 

239 

104 

45 

72 


Enzyme 





D 

art 

sac (50 mg.) 





Substr. 

ACh 

MeCh 

ASaCh 

TB 

t 

X 

0/ 

/o 



X 

% 

fcoXlO 

X 

}-* 

0 

X 

fcoXlO 

X 

X'oXlO 

8 

129 

26.2 

161 

165 

13 

2.8 

16.3 

15.6 

49.5 

61.9 

.A 

14.5 

18.1 

16 

246 

49.9 

154 

188 

22.5 

4.9 

14.1 

13.7 

93.5 

58.4 

29.5 

18.4 

24 

336 

68.2 

140 

207 


6.6 

12.5 

12.3 

131.5 

54.8 

43.5 

18.1 

32 

386 

78.4 

121 

208 

36.5 

8.0 

11.4 

11.3 

166 

51.9 

58.5 

18.3 

40 

420 

85.3 

105 


42 

9.2 


10.5 

193 

48.3 

73 

18.3 

^20 

453 

42 

169 

55 


Enzyme 




G uine 

a - p i g 

liver 






Substr. 

BzCh 

ASaCh 

ASa 

TB 

t 

X 

% 



X 

fcoXlO 

X 

% fcoXlO 


X 

toXlO 

7 

69 

18.7 

98.6 

128 

99 

141 

68.5 

13.8 

97.8 

92.1 

226 

323 

14 

120 

32.6 

86.7 

122 

170 

121 

128 

25.7 

91.5 

92.2 

289 

206 

21 ' 

153 

41.6 

72.9 

111 

223 

106 

173 

34.8 

82.4 

88.5 

334 

159 

30 ^ 

188 

51.1 

62.7 

104 

273 

91.0 

214 

43.0 

71.3 

81.4 

376 

125 

40 

215 

58.3 

53.8 

95.0 

314 

78.5 

234 

47.0 

58.5 

68.9 

410 

103 

^so 

296 

(266) 

273 

(376) 


MeCh iu^ sucli a way that \ fell off. The velocity of the MeCh 
hydrolysis was slowed down rapidly even at low enzyme con- 
centrations. Also the velocity of the ASaCh reaction fell off 
rapidly, but the low rate of the breakdown of TB was constant. 
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Guinea-pig liver. Characteristic of the esterase reactions of 
the guinea-pig liver was the great falling off of velocities with 
time. This was true for all four examples, shown in Table 29, 
In the enzymic hydrolysis of BzCh, as well as those of ASaCh, 
ASa, and TB, the 7ci values decreased. It is to be noted that the 
40 minute value of x (= 314 p.l.) in the ASaCh hydrolysis is higher 
than the calculated value for the complete breakdown of one 
of the ester linkages {a — 296.5 g.l.). Thus both ester linkages 
must be attacked by the liver enzyme(s) (see Fig. 30, p. 143). 

F. Summary of Chapter VII 

We have seen that the kinetics of various ChE reactions vary 
to a great extent. Nevertheless, there exist certain regularities 
among the reactions studied. Table 30 shows some general char- 
acteristics of a group of ChE-substrate systems. These charac- 
teristics will be compared with other properties of the same 
combinations and discussed in the following Chapters. 

A straight line relationship between time and amount of sub- 
strate hydrolysed {ko constant) may be obtained if the substrate 
has a high affinity for the enzyme and if neither choline nor 
temperature has any remarkable effect on the enzyme. This is 
actually true for some choline-ester splitting enzymes. If the 
enzyme is inhibited during runs, the velocity is expected to fall 
off; the extent to which this occurs, however, may not necessarily 
be such as is characteristic of a first-order reaction. Also this 
case seems to hold for a group of ChE reactions in fairly wide 
ranges of enzyme and substrate concentrations. In still other 
cases, the affinity for the enzyme may be so low that the reaction 
velocity decreases remarkably with time. This falling off may 
not be characteristic of a first-order reaction; if 7ci is constant, 
this may be regarded as a limiting case. At high substrate con- 
centration the velocity may fall off to such a degree that Jci 
falls of slowly. With lowering initial ester concentration the 
falling off is less and at a definite substrate concentration the 
reaction may revert to a first-order reaction. Such a case is the 
hydrolysis of BzCh by guinea-pig liver (Table 28). The system 
Helix blood— ACh is an extreme case of high enzyme affinity, 
the system guinea-pig liver — ^BzCh that of low enzyme affinity. 

Alm ost the same series of enzyme-substrate systems is obtained 
by comparing the rise of ki from the highest to the lowest sub- 
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Table 30. Characteristics of Some Typical Cholinesterase Reactions 

Horse scrum, human erythrocytes, dog brain, Ildix blood, dart sac, 

guinea-pig liver. 


Characteristics 

Knzyme 

Substrate 

A-o constant (at least at fairly high 
substrate concentrations) 

Helix blood 

Dart sao 
Erythrocytes 

Brain 

B 

Serum 


— . ■ — ■ — - — ■ .. - . 1 — — -j 

! 

Ao falls off and hi rises (even at very high sub- 
strate concentrations) 

Scrum 


7ji constant 

In some cases, but 
notcharacteristic 
of any reaction 

ki falls off (even at fairly high substrate con- 
centrations) 

Erythrocytes 

Helix blood 

Dart sac? 

MeCh 

ASaCh 

Liver 

BzCh 

ASaCh 

ASa 

TB 

Bise of hi (enzymic) from the 
highest to the lowest substrate 
concentration (Sol. No. l->Sol. 

• No. 6) 

c25 

Liver 

BzOh 

25-100 

Serum 

Dart sac 

ACh 

100-400 

Helix blood 

ACh 

^ 400 

Erythrocytes 

Brain 

ACh 

1*0 and/or &30 higher/lower at high 
than at low substrate concen- 
tration 

Higher 

Liver 

BzCh 

Serum 

1 Dart sac 

ACh 

Lower 

Erythrocytes 
: Brain 

Helix blood 

i 

ACh 


strate concentration. In the case of high enzyme affinity hi 
rises more than 400 times, when this affinity is low the correspon- 
ding rise is only about 15 times. Moreover, the cases of high 
enzyme affinities show lower reaction velocities at high substrate 
concentrations than at low ones. Enzymes of low affinities, 
on the other hand, have higher activities at high substrate con- 
centrations than at low concentrations. More details about this 
relationship between enzyme activity and substrate concentra- 
tion will be discussed in Chapter IX. 
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Chapter VIII 

CHOLINBSTEEASE ACTIVITY AS FUNCTION OF ENZYME 

CONCENTEATION 

Enzyme reactions give usually direct proportionality between 
reaction rate and enzyme concentration. Such a relationship was 
also found in the reactions studied in this investigation, provided 
that the enzyme concentration was not too high. Previous papers 
dealing with this relationship are, for example, those by Abdon 
and Uvnas (1937), Augustinsson (1944), and Boell and Shen 
(1944). 

At low enzyme concentration, the proportionality was always 
obvious, that is, when the substrate was continually in excess 
(Fig. 5). With increasing enzyme concentration a point was reached 
when no excess of substrate was present. When the enzyme con- 
centration was increased further, the reaction rate would not 
be expected to change. The author is disposed to suppose that 
this was the case in the example 4 (Fig. 5). Moreover, there 
may not be any direct proportionality between reaction rate 
and enzyme concentration, if the enzyme preparation contains 
impurities which retard the action of the enzyme. In such cases, 
the reaction rate decreases gradually with increase in enzyme con- 
centration. Such facts also may explain the deviation from 
proportionality (example 1). In most cases, however, it was 
difficult to draw conclusions as to whether the deviation was 
due to one or the other of these factors. As mentioned above 
the majority of reactions studied has shown direct proportionality 
between reaction rate and enzyme concentration. 

The results reported in Chapter VI were obtained in experiments 
with enzyme concentrations chosen in such a way that the amount 
of C02 evolved during 30 minutes was 100 — 200 g.I. These con- 
ditions were arranged in order to obtain a straight line relationship 
between the volume of CO2 evolved and time of reaction. In 
most cases, it was necessary to dilute the original enzyme pre- 
parations in order to obtain a suitable concentration. The h^o 
values obtained with these diluted solutions, have been recalcu- 
lated for 100 p.l. blood (plasma) or 100 mg. tissue. In the experi- 
ments with horse plasma, for example, the plasma w.as diluted 
with E30, 1 ml. in 8 ml. Eao- Such a solution had the activity 
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Enzyme concentration 


Fig. 5. Rate of enzymic hydrolysis as function of enzyme concentration. 

1. ASaCh — guinea-pig liver (mg.). Data from Table 22, 

2. AOh — horse serum ([^1, (COj in 60 min.). 

3. BzCh — human plasma (pi.). 

4. ACh — - horse er;^hrocytes (pi. haemolysate). Data from Table 22. 

5. ASa — guinea-pig intestine (mg.). 


^30= 171.5 towards ACh. The volume of enzyme preparation 
used was 400 corresponding to 50 p-1. plasma; hence, for 100 
p,l. plasma, bso was 343. Cow plasma was used undiluted; 630 
was found to be 20 (for 400 p-l. plasma), that is 6 for 100jt/.l. This 
has been the general principle of calculating the values in Tables 
10 and 16. The same enzyme preparation was used for all substrates 
except in the case of great differences in 630 for various substrates 
(e.g., Spirographis blood). This arrangement was based on the 
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assumption of a direct proportionality between activity and en- 
zyme concentration. As pointed out above, however, this propor- 
tionality was not always obvious, but the experiments were carried 
out in order to obtain an idea of the enzyme activity in each 
case and to form the basis for more advanced studies. Therefore 
the values listed in Tables 10 and 16 are not to be regarded as 
absolute. 


Chapter IX 

CHOLINESTEKASE ACTIVITY AS FUNCTION OF 
SUBSTRATE CONCENTRATION 

A. Introduction 

The study of the activity-substrate concentration relationship 
has contributed greatly to our knowledge of the different types 
of ACh -hydrolysing enzymes. Th^s relationship was used as one 
of the first arguments for differentiating between two different 
types of ChE. Thus the specific ChE is said to be inhibited by 
excess of substrate, which is not the case with the other type, 
the non-specific ChE (p. 19). 

Before research had gone so far, several investigations were carried 
out in order to find out how the reaction velocity is influenced by the 
concentration of the substrate. The widely accepted theory of Mi- 
CHAELis and Menten (1913) has also been applied to the ACh-ChE 
system. The enzyme studied was the non-specific ChE (blood serum) 
in all cases. The dissociation constant (As) of the supposed inter- 
mediate compound between ChE and ACh was first determined by 
Glick (1937 a) who found As = l.i X 10““ (human serum). Accord- 
ing to Eadie (1942) this constant is 1.7 x 10““ (dog serum), to 
Weight and Sabine (1943) 0.26 x 10““ (dog serum) and 1.2 x 10““ 
(human serum), and to Goldstein (1944) 1.2 5 x 10 “ (dog serum). 
The constants have been determined also for the enzyme complexes 
of arsenocholine and butyrylcholine (Roepke, 1937). 

Since the observation by Alles and Hawes (1940, 1944) that the 
ChE activity of red blood cells is depressed by excess of ACh which 
is not the case with the serum activity, more studies were performed 
on the activity-substrate concentration relationship of ChE. These 
studies have been reviewed above (p. 20). ACh only has been employed 
as substrate, except in an investigation by Augustinsson (1946) on 
the ChE of Eelix blood. In this case the hydrolysis was depressed by 
excess of substrate using ACh, but not when MeCh was employed. 
This observation gave rise to more detailed studies on the activity- 
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substrate concentration relationships for a variety of enzyme- 
substrate combinations, the results of which will be discussed in this 
Chapter, 

As is pointed out above (p. 20), Mendel’s group indicated that 
this relationship is not a criterion by which ACh-splitting enzymes 
can be differentiated. "The shape of the activity-substrate concentra- 
tion curve cannot serve as a basis for distinguishing specific from 
non-specific cholinesterase” (Hawkins & Mendel, 1946). As regards 
the optimum substrate (ACh) concentration, contradicting results 
have been obtained by various authors. Thus Alles and Hawes 
(1940, 1944) found that the erythrocyte ChE displays its optimum 
activity at ACh concentrations of pS 4. c (pS = — log molar concentra- 
tion). A similar value has been obtained by Mendel and Budney 
(1943, 1945) with the brain ChE in the absence of any salts other 
than NaHCOs. These results contrast with the findings of Zeller 
and Bissegger (1943), Nachmansohn and Eothenberg (1945), 
and Adgustinsson (1946). The pS values at which optimum activity 
is displayed by the erythrocyte ChE were found by these authors 
to be 2.35, 2.25, and 2.G respectively; the values for the brain enzyme 
were 2.4, 2.0, and 2.5 respectively. In the author’s opinion the differ- 
ences between the high values of pSopt obtained by the former groups 
of workers and the low ones by the latters may be due to thg different 
experimental conditions and to the methods used. 

These disagreements have been discussed by Mendel and Budney 
(1945) in a paper dealing with the effects of certain salts on the specific 
ChE (brain, erythrocytes). It was found that the relationship between 
ChE activity and substrate concentration was changed when salts, 
especially potassium chloride, were added to the medium. ElCl in a 
concentration of 0.16 M caused a shift of the optimum activity 
of the enzyme (brain) from pS 3.60 to pS 2.52. Moreover, these 
authors found that KCl reduced the activity at low and increased it 
at higher concentrations, that is, the new optima corresponded to 
higher activities than in the absence of any salt (except NaHCOg). 
This fact was said to bring “to light the cause of the discrepancy”. 
In another paper of Hawkins and Mendel (1946), clupeine was found 
to alter the activity-substrate concentration relationship of the 
specific ChE (brain) in such a way that the enzyme displayed its 
maximum activity at high substrate concentration. The original 
relationship between enzyme activity and substrate concentration 
could then be restored by adding gum arabic to the clupeine-treated 
enzyme (cf. Mendel & Budney, 1944 b). 

These observations are very interesting. It is important, however, 
to re-examine the actions of KCl and protamine in order to state 
whether the specific ChE of various sources behave according to 
the findings of Mendel’s group. 

In the present investigation, the activity-substrate concentra- 
tion curves were determined for a variety of enzyme-substrate 
combinations. The determinations were carried out in a medium 
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containing various substances, such as physostigmine, potassium 
chloride, clupeine, and gum arabic; in some cases lithium chloride 
was tested. The effect of choline on ChE activity has also been 
studied and will be discussed in Chapter X. 

Physostigmine which is said to inhibit ChE, both the specific 
and non-specific enzyme, was used in order to compare the action 
of this drug on different enzyme-substrate systems, previously 
not studied. Potassium chloride (and lithium chloride) were 
employed in the light of Mendel’s observations and remembering 
that potassium escapes from cells which are stimulated. The 
strongly basic clupeine of the protamine group was expected to 
change the affinity of quaternary ammonium bases for the en- 
zyme in such a way as was described by Mendel. Eor the same 
reason, the effect of the negatively charged gum arabic was 
studied. 

It has been shown in preliminary experiments with horse 
serum, horse erythrocytes, and dog brain, that Ca^+ (lO"* and 
M respectively) does not alter the ‘activity-substrate con- 
centration relationships in any case. 

As regards the selection of enzyme preparations, those have 
been examined which were expected to give the most charac- 
teristic patterns. Thus the following preparations were employed: 
blood serum, erythrocytes, brain, guinea-pig liver, cow kidney. 
Sepia “liver”. Helix blood, and the dart sac of Helix. The methods 
of determinations are described above (Chapter III). In the side 
bulb 0.20 ml. of the enzyme solution was mixed with 0.20 ml. 
of a solution of the substance, whose influence on the ChE ac- 
tivity was to be studied. The concentrations of the substrates 
in each of the six solutions used are listed in Table 9 (p. 48 — 49), 
those of the substances used for influencing the enzyme activity 
in Table 7 (p. 40). In aU cases the initial velocities were measured 
and the enzyme activities expressed by &3o- 

B . Theoby 

1. No Inhibition by Excess of Substrate 
a) No Inhibitor Eresent 

The generally accepted theory of Michaelis and SIenten (1913) 
postulates that the enzyme combines with the substrate to form 
an unstable enzyme-substrate complex which then breaks down 
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in enzyme and reaction products. Let tLe enzyme (ChB in tliis 
case) be represented by E, tbe substrate (ACb) by S, and tbe 
intermediate complex by ES, the dissociation constant of which 
is Kg. At equilibrium we may write the mass law expression: 

[S] ([EU-[BS]) 

[ES] 

supposing that the free molar concentration of the substrate, [S], 
is very much greater than [EJt^t (= total enzyme concentration), 
and equal to the total (initial) substrate concentration. The rate 
of destruction of the substrate, v, that is the observed enzyme 
activity, is proportional to the concentration of the’ complex ES. 
Thus, V = A;[ES], where Jc is the velocity constant for the destruc- 
tion of the substrate. In the presence of a large excess of substrate 
when all the enzyme is converted into BS, the reaction velocity 
will attain a limiting value, Fnia* = ^[®]tot' Hence, after sub- 
stituting for V and Eninx 1^ Equation (2) and rearranging, 


" [S] + Ks 


( 3 ) 


According to this formula Kg, is equal to the substrate concentra- 
tion when the velocity v is one half the limiting velocity Emax- 

The relationship between v and [S] will be shown graphically 
by plotting the velocity, v, expressed in p-l. COg per 30 minutes 
(630), against pS. The curves obtained, when no inhibition by 
excess of substrate is prevailing, are familiar dissociation curves. 

The results are characterised by the two constants and 
pAs which are determined graphically, using the inverted Equa- 
tion (3): 


-y -h (4r) 

Plotting V against v/[S], a straight line is obtained, the intercepts 
of which are F^j^^ on the v and v/[S] axis respec- 

tively. In the cases of familiar S-shaped curves and of no in- 
hibition by excess of substrate, approximately straight lines are 
usually obtained. This indicates that ChE actually combines 
with its substrate to form a complex. When the reaction velocities 
are very low, say in the presence of physostigmine in ChE reac- 
tions, no accurate values of F^j^^ and Kg [K'g)'^ have been 

K g symbolises the apparent dissociation constant when a constant concen- 
tration of inhibitor is present. 
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Fig. 6. Graphical analysis of the enzymic hydrolysis of ACh by horse serum 
GhE at various substrate concentrations and in the presence of gum arabic. 

Gf. Fig. 8, curve S. 


obtained. An example of tbe grapbical procedure is given by Kg. 
6. Kg may also be obtained by extrapolation on tbe activity-pS 
curve for v = hVj„ax- 

Tbe values of Fmnx ^'iid Ks bave been used, as was said, in 
order to characterise numerically tbe differences when tbe same 
enzyme or various enzymes attack different substrates or tbe same 
substrate, also wben tbe actions of certain substances on tbe en- 
zyme activity were studied using K'g instead of /fg- 
remembered that such quantitative differences depend both on 
differences in tbe maximum velocity (F^ax) of fbe hydrolysis 
occurring at infinite substrate concentration and in tbe affinity 
of tbe substrate for tbe enzyme (/fg). A low affinity is indicated 
by a high value of Jfg (low value of p/fg), and vice versa. More- 
over, consider an enzyme to catalyse the hydrolysis of two esters. 
If tbe enzyme concentration in both cases is the same, a constant 
ratio of tbe F„ax- 'Values will be obtained from one preparation 
to another. 

b) InJiibitar Present 

Two enzymes may be identical if they behave similarly with 
respect to added substances. Tbe reaction velocity v may be 
reduced equally at all substrate concentrations. In such a case 
K's is equal to Kg and the inhibition regarded as non-competi- 
tive. If tbe reduction is not the same at high and low substrate 
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concentrations, K'^ is not equal to Ks. At competitive inhibi- 
tion, K's > Ks that is, when the inhibition is greater at low 
than at high substrate concentrations, and a greater substrate 
concentration is necessary in order to saturate the enzyme. 

Consider the reactions E -j- S ES and E d- I +^EI and let 
Ks and Kx represent the dissociation constants of the complexes 
ES and El respectively, and v' and w the reaction velocities in the 
presence of the inhibitor I and in its absence respectively. We 
have then 


, _ F„..[S ] ® 

” -[S] + E^+mKsiKri + mKjKAm+K^) ' ' 


where [I] is the inhibitor concentration, supposed to be much 
greater than [Ej^ot (= [E] + [ES] -f [El]). Eearranging the two 
expressions of v', 


11 1 
v'^Y^ V 

^ ^ max f max L^J 


and 




As + 


K. 


m^s 

Kx 


Kxm-^Ks) 


( 6 ) 

( 7 ) 


According to (6), a plot of 1/v' against 1/[S] at constant concentra- 
tions of enzyme and inhibitor will give a straight line, the inter- 
cept of which on the Ijv' axis is 1/Fn,ax- fhe case of competitive 
inhibition, 1/F„iax same with and without inhibitor, in 

non-competitive inhibition it is not. This is the graphical procedure 
of Line WEAVER and Burk (1934), applied to some cases in the 
present investigation (Chapter X). The value of the apparent 
dissociation constant K's is obtained by the same graphical ana- 
lysis as that of Kg (Equation 4, Eig. 6). Kx may then be calculated 
as follows; 


— 5 — 1 
As 

Also a plot of vjv' against [I] gives a straight line (Equation 7) 
in the cases of competitive inhibition and constant concentrations 
of enzyme and substrate. This is the experimental result in some 
cases, reported in Chapter X. The intercept on the vjv' axis is 1 
irrespective of substrate and rate of hydrolysis, which differs 
greatly from substrate to substrate in many cases. 
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TIi6 Michaelis-Menten formulation is based on the assumption 
tbat tbe enzyme concentration is so low, compared witb tbe con- 
centrations of substrate and inhibitor, tbat it can be neglected. 
More general equations have been presented by Straus and Gold- 
stein (1943) and Goldstein (1944) who made allowance for the 
possibilities tbat tbe concentration of enzyme centres (serum ChE) 
is not extremely low and constant, and therefore may not be 
neglected. Tbe present interpretation has not taken into considera- 
tion these authors’ “zone behavior of enzymes”, but are mainly 
based on the derivations made by Michaelis and Menten (1913), 
Haldane (1930), and Lineweaver and Burk (1934). 


2>. Inhibition by Excess of Substrate 


a) No Inhibitor Present 

It is pointed out previously in this paper and shown also by 
experiments that the activity of the specific ChE is depressed 
by excess of substrate. Such an inhibition by strong substrate 
concentrations has been observed with other enzymes such as 
the liver esterases, oxygenase, catalase (for references, see Hal- 
dane, 1930, and Lineweaver & Burk, 1934). It may be ac- 
counted for in terms of the following theory brought forward 
by Haldane. This theory is in agreement with the experimental 
results presented below. 

Haldane suggested that a complex of the enzyme with two 
molecules of the substrate, ESa, is formed at high substrate con- 
centrations. This complex is incapable of the breakdown yielding 
acid and alcohol. Let Zg, and represent the dissociation 
constants of the compounds ES and ESa in the reaction E -f- 
-f S ES and ES -f S ESa respectively. In the same way as 
above, we have 


K,. = 


[S]([EU-[ES]-[ESa]) 

[ES] 


and Kr„ = 


[S] [ES] 
[ESa] 


(9 a, b) 


Then, after eliminating [ESa] and introducing 
V and 


Fma. [S] 

^-[S] + /fs^ + [S]“/-^^Sa 


the velocity terms 


( 10 ) 


This equation will give a symmetric bell-shaped curve when the 
velocity, v, is plotted against the logarithm of the substrate con- 
centration, pS. As far as the author is aware, only a few enzyme 
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Exper. data from Fig. 13 — 39 2.45 3.55 1.3 3.0 1.3 

Calculated values 43 41 2.45 » 1.4 » 1.35 


Exper. data from Fig. 13 — 39 2.45 3.55 1.3 3.0 1.3 

Calculated values 43 41 2.45 » 1.4 » 1.35 


reactions have hitherto given evidence for such a symmetry and, 
in the words of Myrback (1940), “Diese h'allen . . . durften sehr 
selten sein”. The data obtained with the specific ChE, however, 
show in many ■ cases that the Haldane interpretation is very 
well fitted to the reactions of this enzyme. 

The reaction velocity represented by Equation (10) gives an 

optimum, when [S] = or pSopt = I (pJfg, + 

If ESj were not formed, the maximum velocity of the hydrolysis 
would be (Equation 3), evaluated' according to the graphical 
method described above (Equation 4), which also gives In 

this way and were evaluated for the hydrolysis of 

ACh by erythrocyte and brain ChE, the data of which are 
found in Eig. 7 . The dotted curves represent the simple Michaelis- 

8—474205 
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Menten equations for the reactions E + S ES and ES -j- S :S: 
ESa if these were proceeding independently of each other. For 
instance, in the case of erythrocyte ChE activity, 

f56 ^ 156 

1 + 0.000631/[S] """i + LSJ/o.oise 

The fuUdrawn lines are the experimentally found ones and agree 
■well with the theoretical curves, hence indicating that the sug- 
gestion of Haldane satisfactorily explains the facts. 

For V = ^ ^max values of and ruay he obtained 
and from these values we obtain the optimum substrate con- 
centration. Because of the symmetry of the curve, aU pairs of 
points with equal co-ordinates of the v axis give the same sum 
of the co-ordinates of the pS axis. For the sake of convenience, the 
author has used those pS values which are easily found on the 
experimentally found curve when v = ^ The two values 
thus obtained are symbolised by pSi and pSa respectively. As 
Fopt is always less than F^jn^, the value of pSi > piTg, and that 
of pSa < pA's^, which is demonstrated by the values in Fig. 7. 
If pSopt = I (pSi pSa) or half the sum of other pairs of pS 
values (and of pEg^ and pEg,), the curve is really symmetric. 

b) Inhibitor Present 

The equations presented above may be extended to systems 
containing competitive inhibitors, the full discussion of which 
is very complicated. Consider a change in the first dissociation 
constant FTgj (not in E^sa) addition the absence of any 

enzyme-inhibitor complexes except El, the dissociation constant 
of which is We have then, using the same symbols as above, 

^ = 1 + [I] \ + [sr/Ss, ) 

Hence, at constant concentrations of enzyme and substrate, a 
straight line should be expected in the plot of vfv against [I]. 
This is the experimental result in the cases of low substrate con- 
centrations when pSopt is not yet reached and therefore the 
complex ESa is not formed (Equation 7). When the substrate 
concentration is above the optimum, the situation is more complex 
(Chapter X, Fig. 21). In such cases straight lines have not been 
obtained, due to the fact that in the presence of choline the 
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optimum substrate concentration is raised. This situation will 
be discussed more fully below (p. 135). 


C. Experimental Kesults 
1. Blood Serum 

a) Horse serum. In tbe determination of tbe relationship be- 
tween enzyme activity and substrate concentration for horse- 
serum ChE, a purified preparation of C/ » .3 000 (p. 24) was 
employed, obtained by fractional ammonium-sulphate precipita- 
tion (p. 42). The preparation was diluted with distilled water to 
give an adequate enzyme concentration for the manonietric 
method. This enzyme solution was used in all experiments, the 
results of which are found in Eig. 8. 

Confirming previous findings, the system ChE-ACh gave an 
activity-pS curve of the familiar shape of a dissociation curve. 
The value of was determined graphically according to Equa- 
tion (4). This procedure gave pAs = 2.5, -which is somewhat 
lower than Glick’s (1937 a) 2.95, Eadie’s (1942) 2.77, and Gold- 
stein’s (1944) 2.90; these values were all obtained with crude 
enzyme preparations. IVhen horse plasma was used, instead of 
a purified ChE preparation, somewhat higher values of plfg 
have been obtained. The mean of three such measurements was 
2.83 which agrees well with those of the other authors. 

Physostigmine (3.63 x 10'‘''M) inhibited the enzymic hydro- 
lysis of ACh to a great extent at all substrate concentrations. 
jK's was very much greater than and the inhibition is regarded 
as competitive. Potassium chloride (0.1 M) had a very slight 
action on the esterase activity. Clupeine reduced the reaction 
velocity; in 1.10 x 10”*-M ACh-chloride solution 0.05 per cent 
clupeine inhibited the activity 82 per cent. When the substrate 
concentration was 10 times higher, the inhibition was 42 per cent. 
Because of that p/fg was greater than pit's- Such a “lowering 
of pKg” in the presence of clupeine, as will be seen, is charac- 
teristic of nearly all ACh-hydrolysing enzymes, no matter which 
type of ChE may be used. In the presence of 0.05 per cent gum 
arabic, the reaction velocities were increased slightly at about 
the same degree at all substrate concentrations and therefore 

p/ts = pZ's. 




Fig. 8. Activity-pS curves for the enzymic hydrolysis of ACh, BzCh^ ASaCh, 
and TB by a purified ChE preparation from horse scrum. 

ACh BzCh ASaCh TB 

P-^S ^opt PSopt PSi ^^opt pSopt pSi 


1. Control 210 2.5 68 2.0 3.8 131 2,0 3,05 S-shaped curv^e 

2. Physostigmine . ? ? 16 1.3 ? 24 l.G ? Inhibition 

3. KCl 202 2.3 67 1.9 3.65 115 1.75 2.9 No action? 

4. Clupeine 140 l.G 51 l.G 2,G 126 — 2.0 Inhibition 

5. Gum arabic . . . 236 2.5 77 2.5 3.0 162 2.1 3.25 No action? 


(cf. Fig. 6) 
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The activity-pS curve for the enzymic hydrolysis of BzCh had 
quite another shape than in the case of ACh. High substrate 
concentrations depressed the activity towards BzCh; the enzyme 
displayed its optimum activity at pSopt 2 . 0 , In a cruder enzyme 
preparation, pSopt was somewhat higher, i.e., 2 . 3 . It is not 
justifiable, however, to draw conclusions only from this observa- 
tion as to whether the destructions of ACh and BzCh by serum 
are catalysed by the same or distinct enzymes. In spite of the 
differences in activity-substrate concentration relationships, the 
substances added had similar effects on the hydrolysis of BzCh 
as on that of ACh. These substances did not alter the shape of 
the activity-pS curve. Thus physostigmine reduced the reaction' 
velocity remarkably at all BzCh concentrations; pSopt, was 
changed from 2.0 to 1 . 3 . Potassium chloride had hardly any 
action at all. Clupeine displaced the optimum substrate concen- 
tration to higher concentrations, gum arabic did so in the op- 
posite direction. The action of gum arabic was such that the 
enzyme activity was inhibited at low substrate concentrations. 

The experiments with ASaCh gave almost the same patterns 
as with BzCh. The hydrolysis was decreased by excess of substrate 
and both substrates gave the same values of pSopt. Physostigmine 
inhibited strongly. Clupeine did so, too, and in its presence a 
higher optimum (maximum?) substrate concentration was ob- 
tained. Gum arabic activated. 

The values obtained in the enzymic hydrolysis of TB were not 
very certain, especially at high substrate concentrations. It 
was obvious, however, that the reaction velocities were not 
decreased by excess of TB, that physostigmine inhibited, that 
potassium chloride and gum arabic had no or very slight action, 
and that clupeine inhibited the enzyme activity. All these facts 
agree with those found in the experiments with choline esters. 
This is a further proof for the identity of the esterases cata- 
lysing the hydrolysis of choline esters and TB. 

b) Foxol 'plasma. It was found in prelimary experiments that 
fowl plasma splits MeCh at a higher rate than BzCh, and hence 
the enzyme might be regarded as a specific ChE according to 
Mendel’s definition. The enzyme differs, however, from the 
specific ChE of erythrocytes and brain in the fact that the hydro- 
lysis of ACh is not depressed by excess of substrate. The activity- 
pS curves for the enzymic hydrolysis of ACh, MeCh, and ASaCh are 
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Pig. 0. Activity-pS curves for the en- 
zymic hydrolysis of ACh, MeCh, and 
ASnCh by fowl plasma (400 pi.). 

1. ACh; 2. ASaCh; 3. McCh. 


shown in Fig. 9. Ko further experiments have l)een carried out with 
this preparation, and it is difficult to draw any conclusion as 
to the type of ChE present in cock plasma. It will be noted that 
the ACh and ASaCh curves are not of the pure S-shaped tyj)c. 
Perhaps a mixture of choline-ester splitting enzymes is present, 
but this question may be open for further discussion. 

c) Shark {Scyllium) 'plasma hydrolyses ACh at a very low 
rate (Table 10), in contradistinction to the blood cells which 
are completely inactive. The plasma enzyme resembled the 
specific ChE in the depressant effect of high ACh concentrations 
on the activity (Fig. 10). The optimum concentrations of ACh 
and ASaCh corresponded to pSopt 2.7 and 2.2 respectively. It may 
be observed that at high substrate concentrations ASaCh was 


Fig. 10. Activity-pS curves for the en- 
zymic hydrolysis of ACh, ASaCh, and 
MeCh by shark plasma (200 [xl.).25.0®C, 

^opt P^opt P^' P^» 

1. ACh 23 2.7 «4 1.3 

2. ASaCh . . 27 2.2 3.2 ? 

■ 3. MeCh ... 10 «2 ? ? 
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split at a liiglier rate than ACh \s'hich, on the other hand, was 
hydrolysed at a higher rate than ASaCh at low substrate con- 
centrations. Also the hydrolysis of MeCh seemed to be depressed 
by high substrate concentrations. 

2. Erythrocytes 

a) Cow erythrocytes. The hydrolysis of ACh through the ac- 
tion of erythrocytes was decreased by high concentrations of 
substrate (Fig. 11). The activity-pS curve is bell-shaped and its 
.symmetry is almost complete, thus indicating that the Haldake 
interpretation is well fitted to this reaction (sec al.so Fig. 7). 
It is obvious that the activity-substrate concentration relation- 
ships of scrum- and crythrocytc-ChK respectively are very distinct. 
But the influences of various substances on both enzymes were 
of the .same kind. Thus physostigminc inhibited tlic enzyme ac- 
tivity to the .same great extent at all ACh concentrations. Clu])cine 
caused a shift of the optimum s\d>st.ratc concentration lo higher 
concentrations (change of pS„j,t from to l.S')). This is very 
characteristic and .significantly c.stablished in nearly all reactions 
of ChE. This action of clupeinc is irrespective of the choline ester 
used, the enzyme pre])aration may be crude or purified (sec 
ACh I and 11 in Fig. II). At higher substrate concentrations the 
right-hand side of the bell-.shaped curve approached the curve 
when no clupeine was present. 

Gum arabic slightly activated the erythrocyte ChE at medium 
substrate concentrations and was without effect at high ones, 
resulting in a small shift of pSopt to higher values. 

An activation by potassium chloride (0.1 ]\I) was also observed 
at all substrate concentrations and pS^pt was not altered. This 
was in sharp contrast to the results of hlENDEn and Budney 
(1945); according to these authors, KCl causes a shift of the 
optimum activity to lower pS values. Such a shift of pSopt has 
not been obtained in any case, no matter which substrate and 
enzyme preparation (erythrocyte or brain, crude or pure prepara- 
tions) were used. Lithium chloride (not sho^vn in Fig. 11) behaved 
in the same way as the potassium salt. In this respect attention 
will be called to the following. It is not correct to make manome- 
tric readings 2 minutes after mixing substrate and enzyme (as 
was done by Mendel). At this time, thermal equilibrium is not 
reached. Moreover, it is impossible to get accurate values of 
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tke amount of CO 2 evolved when the ACh concentration is very 
low The lowest ACh-chloride concentration used in the present 
investigation has been 3.3 x 10-^ M (solution No. 6); at such a 
concentration under the experimental conditions 15 n.l. COj is 
evolved at complete hydrolysis. The extrapolated &no values for 
the (6)-solutions were in fact not very exact. At still lower sub- 
strate concentrations, as those used by Mendel, this exactness 
will be reduced further. Tlierefore, the results of SIendel’s school 
must be regarded as dubious. 

The activity-pS curve for the enzymic hydrolysis of jMeCli 
showed a lower value of pS„pt; at very high substrate concentra- 
trations the activity was decreased. Because of that, MeCh at 
high concentration was liydrolysed at a higher rate than ACh 
at the same high concentration. MTien the substrate concentration 
in both cases was 0.1 M, the ratio between the reaction velocities 
for ACh and MeCh was 0.57, in 0.001-M solutions, on the other 
hand, this ratio was 3.34. In comparison of the hydrolysis of ACh 
and of other esters, therefore, it is important to consider these 
differences, previously not taken notice of. It may well explain 
the findings by Eichards Jr. and Cdtkomp (1945) and by To- 
bias, Kollros and Savit (1946) that insect nervous system is 
more active on MeCh than on ACh (cf. also Augustinsson, 1940 
c). In fact, the molar concentrations of the substrates used by the 
former authors were high (about 0.1). It may also explain the 
result of Alles and Hawes (1940) that "the red blood cell enzyme 
is more active towards acetyl-^-methylcholine than towards 
acetylcholine”. 

Physostigmine inhibited the destruction of j\IeCh by erythro- 
cytes, but pSopt was not altered. Clupeine had a similar action; 
inhibition and no or slight change of pSpp^. The MeCh curves 
were similar to the BzCh and ASaCh curves found in experiments 
with serum ChE (Eig. 8). The activity-pS curve for the system 
MeCh-erythrocytes was not influenced by potassium chloride or 
gum arabic. 


The activity-pS curve for the hydrolysis of ASaCh, shown in 
another shape than in the cases of ACh or 
MeCh. The rate of reaction was not decreased by high substrate 
concentrations and a familiar S-shaped curve was obtained. For 
comparison the corresponding ACh curve is also shown in Fig. 12. 
The latao between tie ACh and ASaCh hydrolysis in 0 1-M 
solutions was 0.221, in o.OOl-M solutions ten tiLs higher or 



112 



1. ASaCh 1-47 

2. ACh (Fig. 11, I) 

3. ASaCli+ACh 


Fig. 12. Activifcy-pS curves for the en- 
zymic hydrolysis of ASaCh by liacmo- 
lysate of cow erythrocytes compared 
with tJiat of ACh and the hydrolysis 
of a mixture of ACh and ASaCh. 



pS„pt 

pS, 


P-h's 

2.G 

122 

2.55 

3.i 

L4r> 

— 

93 

2.1 

3.05 




2.17. Hence, wlien the hydrolysis of ACh is compared with that 
of ASaCli, the substrate concentration must be considered. The 
activity-pS curve (Kg. 12) has also been determined for the 
hydrolysis of a mixture of ACh and ASaCh; the concentrations of 
the two substrates in the mixture were each half of those when the 
substrates were studied separately. 

It is obvious that ACh and ASaCh compete for the same 
active group(s) of the enzyme molecule. But the mechanisms of the 
two reactions are not the same at high and low substrate con- 
centrations. At high concentrations ACh forms the complex ESj 
which is incapable of breakdown (p. 102). At the same time ACh 
inhibits the hydrolysis of ASaCh. This means that the second 
centre of the ChE molecule, combining with a second ACh mole- 
cule, also takes part in the breakdown of ASaCh. The situation 
is very complex, but it is supposed that at high ASaCh concentra- 
tions the acetyl-salicylic linkage only is split, the breakdown of 
the choline-ester linkage does not occur, no more than it does m 
the case of ACh at high concentrations. At low substrate con- 
centrations, on the other hand, both ester linkages in ASaCh are 
supposed to split at the same time. Proofs for this hypothesis 
’have been offered by experiments where the hydrolysis of ASaCh 
was allowed to proceed for a long time to give complete destruc- 
tion. Table 31 shows the results of two experiments with high 
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Table 31. Total Hydrolysis of ASaCh by Cow Erythrocytes {100 ^1.) 


Time 

;aI. CO 2 

evolved 

(min.) 

ASaCh(2) 

ASaCh(4) 


8 

60 

36 

24 

151 

61 

60 

315 

71.5 

140 

508 

93 

240 

630 

99.5 

339 

699 

109 

1330 

899 

154 

1345 

899 

155 

1360 

S99 

155 

— 

Calcul. 

ono Jink 

S9G 

1 

89.5 

values a 

two link's 

1 792 

179 


and low ASaCli concentrations respectively. As expected, only 
one of tlie ester linkages was split enzyniically at kigk substrate 
concentration (AvSaCli 2) and tMs linkage was the acetyl-ester one, 
as will be shown in Chapter X. Moreover, at low ASaCh con- 
centration (ASaCh4) both ester linkages were broken, for the 
hydrolysis proceeded till the amonnt of CO2 liberated, calculated 
for the breakdown of two ester linkages, was reached approxi- 
mately. 

Erythrocytes hydrolysed TB at a low rate. The enzyme respon- 
sible for this reaction is not the same as that catalysing the 
hydrolysis of choline esters. It was established that the TB 
hydrolysis was neither inhibited by excess of substrate, nor by 
physostigmine (630 25 for TB(3) with and without inhibitor). Nor 
did clupeine inhibit the esterase activity towards TB. 

b) Horse erythrocytes. Almost the same results have been ob- 
tained with the blood-cell ChE of horse. The value of pS^pt was 2.5 
(for cow erythrocytes 2.55) and was the same for crude and pure 
preparations. No details are given in this case because of the 
similarities with the corresponding cow enzyme. 


3. Brain 

The results obtained with dog brain extracts (Eig. 13) were 
much the same as those described for the enzyme activity of red 
blood cells. All data favour the supposition that the ChE of erythro- 
cytes and that of brain are identical. 
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Fig. 13. Aotivit-y-pS curves for the enzjmic hydrolysis of ACh, MeCh, ASaCh, 
and TB by dog brain (50 mg.). 


ACh 


MeCh 



^opt 

pSopt pSi 

pSs 

V 

^opt 

P^opc 

pS, 

pS. 

1. Control (cf. Pig. 7) .. 

,..40 

2.45 

3.6 

1.3 

32 

2.4 

3.35 

0.85 

2. Physostigmine 

11 

1.6 

2.2 

1.1 

9 

1.5 ^ 

2 

1.1 

3. KCl ..; 

.. 53 

2.35 

3.3 

1.4 

— 

— 


— 

4. Clupeine 

.. 39 

2.1 

3.0 

1.1 

21 

1.4 

2.6 


5. Gum arable 

.. 64 

2.8 

3.4 

1.7 

36 

2.5 

3.35 

0.9 

6. LiCl 

.. 47 

2.4 

3.3 

1.35 


— 

— 

— 


ASaCh 


TB 






V 

* max 

KO 
P s 







1. Control 

...68 

2.8 

S-shaped 

curve 




2. Physostigmine 

...25 

1.8 

Slight inhibition 





The brain ChE-activity was inhibited by high ACh concentra- 
tions and the bell-shaped activity-pS curve was symmetric (cf. 
Fig. 7), indicating that Haldane’s theory of the complex ESa 
is true for this enzyme. The value of pSopt was 2.45, very near 
the value of the erythrocyte enzyme (2.55). Physostigmine 
prevented greatly the destruction of ACh at all substrate concen- 
trations and pSopt 'was lowered to 1.6 in the same way as was 
found for the blood-cell ChE. The characteristic shift in pSppt 
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to lower value in tlie presence of clupeine was also observed. 
Gum arabic activated tbe brain CbE, also found with other types 
of ChE; pSopt seemed to shift a little towards lower substrate 
concentrations. The value of 7opt was increased by potassium 
chloride and the same effect was observed with lithium chloride. 
pSopt, however, was not altered, in contrast to Mendel’s obser- 
vation (p. 97). 

The activity-pS curves for the enzymic hydrolysis of MeCh 
were much the same as those obtained with ACh. In contrast to 
the erythrocyte ChE, the values of pS^pt were the same in both 
cases. The added substances had the same general influences on 
the hydrolysis: inhibition by physostigmine, shift of optimum 
substrate concentration to higher concentration in the presence 
of clupeine, and a small activation by gum arabic. 

ASaCh gave quite a different activity-pS curve than ACh and 
MeCh. The enzyme activity was not depressed by excess of 
substrate. In spite of this, the same enzyme might split ACh and 
ASaCh. This appeared from the potent inhibiting action of 
physostigmine. Most probably, the same interpretation reported 
above for the erythrocyte ChE is also applicable to the brain 
enzyme. 

In ail likelihood, the hydrolysis of TB by brain extracts is not 
catalysed by the enzyme splitting choline esters. Physostigmine 
had no or very slight inhibiting action on this reaction. The 
rate of hydrolysis was not depressed by high substrate con- 
centrations. 

4. Liver 

a) Guinea-fig liver. It was shown in Chapter VI that guinea-pig 
liver splits ACh at a very low rate, in contrast to BzCh. Sawyer 
(1946) and Blaschko et al. (1947 a, b) suggested a “benzoyl- 
chohne esterase” present in 'high concentration and not identical 
with the “pseudo-ChE”. The experimental results obtained by 
the present author are shown in Fig. 14. The experiments with 
added substances are not included for BzCh, ASaCh, and TB, 
as the curves were close to those obtained when a second com- 
pound was not added. 

The low rate of hydrolysis of ACh was not decreased by high 
substrate concentrations. Physostigmine inhibited, but not as 
strongly as was expected for a ChE. Clupeine was also an in- 
hibitor, but the action was quite weak. Gum arabic had no effect 
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Fig. 14, Activity-pS curves for the enzymic hydrolysis of ACh, SaCh, BzCh, 
ASaCh, and TB by guinea-pig liver. Extrapolated 6,5 values in each case. 


Substrate BzCh ASaCh TB SaCh 
mg. tissue 50 50 25 100 


• p, [ 1 . Control 

<2. Physostigmine 
I 3. Olupeine' 


on this reaction (not shown in Fig. 14). ACh may be destroyed by 
the same enzyme that acts upon BzCh, but definite conclusions 
cannot be given. 

Guinea-pig liver is remarkable for its very high activity towards 
BzCh, not found with any other material. The activity-pS curve 
was not the same as other curves for this substrate. Inhibition 
by high substrate concentrations, found for instance in experi- 
ments with the non-specific ChB of blood serum, was not ob- 
served. Physostigmine (10"'’ M) inhibited only sh'ghtly (17 per 
cent). Clupeine and gum arabic activated a little or had no effect 
at all. Potassium chloride did not affect the activity. All these 
findings indicate that the enzyme is distinct from ChE (the 
specific as well as the non-specific one). Some of the results 
obtained in experiments with added compounds are found in 
Table 33 (p. 140). 

The liver splits SaCh at a higher rate than ACh (Fig. 14). 
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It is supposed that the same enzyme splits this choline ester and 
BzCh. The two reactions seem to have the same value of p/Cs* 

The hydrolysis of ASaCh (Big. 14=) showed much the same 
properties as that of BzCh. It gave the same type of activity-pS 
curve and was inhibited by physostigmine to about 20 per cent 
(Table 33). Clupeine activated slightly and so did gum arabic. 
Potassium chloride did not alter the activity-substrate con- 
centration relationship. All data obtained indicate that BzCh 
and ASaCh are split by the same enzyme, the properties of Avhich 
are distinct from those of other choline-ester splitting enzymes. 

TB was destroyed by guinea-pig liver at a very high rate which 
increased rapidly with the increase of substrate concentration. 
Physostigmine had no action and the sam.e held for clupeine. 
Gum arabic activated slightly at all substrate concentrations. 
In this connection it is interesting to note that Bodor (1947) 
for some esters found an inhibiting action of gum arabic on the 
esterase activity of certain liver preparations and proposed the 
co-existence of two different esterases in liver juice. 

b) Fish liver. In experiments with Gadus liver, the enzymic 
hydrolysis of ACh was found to be decreased by high ACh con- 
centrations. pSopt was about 2.5, that is, the same value ob- 
tained for the specific ChE of brain or erythrocytes. Also the 
Labrus-liver ChE was inhibited by high ACh concentrations. 
Experiments, carried out at 25°C, gave pSgpt 1.7. These data are 
to be regarded as preliminary as they are the only ones carried 
out with these tissues. Additional experiments must be performed 
in order to draAv conclusions as to the type of ChE present in 
fish liver. 

c) S&pia “liver”. As pointed out above, the experiments with 
Sefia “liver” were carried out at 25°C. The hydrolysis of ACh 
was depressed by high substrate concentrations (Big. 15). The 
enzyme displayed its optimum activity at pSopt 2.6 which Avas 
about the same found for the brain and erythrocyte enzymes. 
Physostigmine inhibited the activity strongly at all substrate 
concentrations. Clupeine had the same characteristic influence 
on the activity as Avas found for other choline-ester splitting 
enzymes. As scon in Big. 15, clupeine inhibited the ChE activity 
at low ACh concentrations, but activated it at high concentra- 
tions; in a 1.1 X 10 ACh solution this protamine did not 
alter the activity at all. This shows how misleading the results 
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may be if tbe effect of a substance is measured at one substrate 
concentration arbitrarily cbosen. This consideration resolves, 
most probably, many of tbe controversies on the effects of certain 
compounds on ChE activity, occurred in the literature (cf. Table 4). 

It vras found in the hydrolysis of ASaCh by erythrocytes that 
the activity-pS ciu:ve was a familiar dissociation curve, in con- 
trast to the bell-shaped curve for the ACh hydrolysis. Similar 
observations have been made with Sepia “liver” (Eig. 15). But m 
the latter case, physostigmine inhibited only slightly the activity 
towards ASaCh and clupeine had scarcely any effect at all. 
The hydrolysis of ASaCh was much more like that- of TB than 
of ACh. Thus, the TB reaction was also influenced only slightly 
by physostigmine. 

These results justify to suppose that Sepia “liver” contains 
twd distinct esterases, one acting upon ACh and one upon TB. 
ilo conclusion will be drawn as to which of these enzymes that 
splits ASaCh, possibly both are active on this ester. For further 
discussion the reader is referred to Chapter XII. 

5. Kidney 

a) Goiv kidney. It is characteristic of the esterase activity of 
cow kidney, that, among choline esters, ASaCh is split at the 
highest rate. BzCh is hydrolysed at a low but relatively higher 
rate than ACh and MeCh. The activity-pS curve for the enzymic 
hydrolysis of ASaCh (Fig. 16) is a familiar dissociation curve. 
Possibly the esterase is a “salicylesterase” of the same type as 
has been found in Spirographis blood (Augustinsson, 1947). 
For comparison, the activity-pS curve for the hydrolysis of 
ASaCh by this polychaete blood is inserted in Fig. 16. The same 
pAg (2.0) was found in both cases and physostigmine inhibited 
only slightly the two esterases. 

TB gave the same type of activity-pS curve as was found in the 
experiments with guinea-pig liver. The rate of hydrolysis increased 
very rapidly with the increase in TB concentration. 

b) Guinea-pig kidney. Similar results have been obtained with 
this tissue. ASaCh gave the same activity-pS curve with the 
'same value of pAg. Physostigmine did not inhibit the esterase 
which may be a ‘ salicylesterase” with high activity towards ASa'. 

9—474256 
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Fig. 16. Activity-pS curves for 
the enzymic hydrolysis of ASaCh 
and BzCh by cow kidney (60 
mg.). Results obtained with Spi- 
rographis blood have been inser- 
ted for comparison (cf. Atrou- 
STINSSON, 1947). 


ASaCh 




V 

^ max 

vKy 

Cow kidney j 

f 1. Control 

[ 2. Physostigmine. 

.. 166 

.. 120 

2.0 

2.0 

Spirographis \ 
blood (50 ;jl1.) ) 

^ 3. Control 

.. 336 

2.0 


6. Helix Blood 

In a previous paper (Augustinsson, 1946 c), the author 
studied the activity-substrate concentration relationship of the 
Helix-hlood ChE. These studies have been extended and the 
results are shown in Figs. 17 and 18. 

The enzyme displayed its optimum activity at pSopt 2.7 when 
ACh was employed as substrate, which is much the same as that 
found for the brain and erythrocyte ChE. The same result was 
obtained with a purified ChE preparation (curve 5 in Fig. 17) 
of the snail blood. Physostigmine exerted strong inhibition at 
all substrate concentrations and pS^pt was lowered. In the pres- 
ence of 0.1-M potassium chloride, the enzyme activity was 
changed only slightly. Lithium chloride (not shown in Fig. 17) 
had no effect (pSopt 2.65 and no inhibition or activation). Clupeine 
showed the same characteristic effect as was found for the ChE 
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Fig. 17. Activity-pS curves for the 
enzymio hydrolysis of ACh by Helix 
blood (20 pi.). 


1. Control 

2. Physostigmine 

3. KCl 

4. Clupeino 

6. A purified preparation (control) 



of otlier sources, that is, inhibition and change of pS^jt to lower 
values. 

"When MeCh was used as substrate, the enzyme displayed its 
optimum activity at a much higher suh.stratc concentration (pSo,.. 
1.35) (Eig. 18). This agreed with the results found for the crythro* 
cyte ChE. Clupeine inhibited at all substrate concentrations. 
Almost the same patterns were obtained with ASaCh and A An, 
demonstrated in Fig. 18. 

The activity-pS curve for the enzymic hydrolysis of TB had 
not the same shape as in the cases of choline esters (and AAn), 
and clupeine was without effect. Probably TB is split by n different 
enzyme in Helix blood from the one w'hich acts upon choline 

esters. The concentration of such a tributyrinasc, however, must 
be relatively low. 




^ 3 2 1 4 3 2 1 


pS pS 

Fig. 18. Activity-pS curves for the enzymic hydrolysis of MeCh^ ASaCh, AAn, 
and TB by Hdix blood (20 uL). 

MeCh ASaCh AAn TB (200 (jiI.) 

-A- , ^ ^ ^ ^ , . 

^opt P^opt P^l ^opt P^opt P^l ^opt P^opt P^l ^^max 

1. Control. .. 64 1.35 2.5 64 1.35 2.4 48 2 3.0 <5s80 i=s2.6 

2. Clupeine.. 44 ? a#2 30 1.4 2.3 24 <2 «2.9 60 2.95 

7. Dart Sac 

In a previous paper (Augustinsson, 1946 c), the author pointed 
to the striking difference between the enzymes of jEfeZia;' blood 
and the dart sac. It was shown for instance, that the ChE activity 
of the dart sac was not depressed by excess of substrate (ACh, 
MeCh, BzCh). These studies have been repeated and extended. 
The results are shown in Fig. 19. 

It is characteristic of this ChE that it splits ACh at a very high 
rate, and MeCh and BzCh at relatively low rates. With respect 
to the activity-substrate concentration relationship, the enzyme 
is much more like the non-specific ChE of horse blood serum 
than the specific ChE of erythrocytes and brain. But no doubt, 
the dart-sac enzyme differs in some fimdamental respects from 
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Fig. 19. Activity-pS curves for the enzymic hydrolysis of ACh, MeCh, and ASaCh 

by tho dart sac (25 mg.), 

ACh McCh ASaCh 

^ max P^S ^max p4^ 


1. Control 360 2.7 38 2.15 230 2.2 

2. Clupeinc 363 2.75 — ~ 218 1.9 


the non-specific ChB. Thus, the enzyme displays its maximum 
(optimum?) activity at a lower ACh concentration than the serum 
enzyme. Clupeine had no or very little effect on the dart-sac 
enzyme. This stands in opposition to the characteristic effect 
of this protamine on other choline-ester splitting enzymes. 

The low activity towards MeCh and BzCh is not depressed 
by excess of substrate; also this is in opposition to the properties 
of the serum enzyme. Striking differences of the two enzymes 
have also been observed in the hydrolysis of ASaCh (of. Bigs. 
8 and 19). The activity-pS curve was a familiar dissociation curve 
in the case of the dart sac. The serum enzyme, on the other hand, 
gave a definite pSopi at. 2.0. Clupeine affected the dart-sac 




124 


enzyme weakly, in any case the ckaracteristic change of the curve 
was not observed. 

It is supposed that the same enzyme of the dart sac splits 
ACh, MeCh, and ASaCh. In Chapter XII further proofs will be 
offered for this assumption. 

D. Summary of Chapter IX 

The activity-substrate concentration relationships for choline- 
ester splitting enzymes from various sources have been studied, 
and the theory of Michaelis and Menten was applied to them. 
The inhibition by excess of substrate was interpreted in terms of 
Haldane’s theory, suggesting that a complex of the enzyme with 
two molecules of the substrate was formed. The action of some 
compounds was studied in this connection; the compounds were 
physostigmine, potassium chloride (in some cases lithium chloride), 
clupeine, and gum arabic. 

A purified ChE preparation from horse serum gave a familiar 
dissociation curve when it acted upon ACh; /fg was 3.2 x 10““. 
The hydrolysis of BzCh and ASaCh was depressed by excess of 
substrate; the optimum substrate concentration in both cases was 
1.0 X 10“^ M. The ChE activities of erythrocytes and brain were 
depressed by high ACh concentrations; optimum substrate con- 
centrations were 2.8 x 10”“ M and 3.55 x 10”“ M respectively. 
Also the hydrolysis of MeCh was depressed by high substrate 
concentrations in both cases. ASaCh, on the other hand, gave 
familiar dissociation curves for both esterases. The enzymes of 
Sefia “liver” and Helix blood resembled much those of erythro- 
cytes and brain in their actions on ACh; the enzymes displayed 
their optimum activities in 2.5 x 10”“-M and 2.0 x 10”“ -M 
solutions respectively. Familiar dissociation curves were obtained 
in both cases in the hydrolysis of ASaCh. The activity-substrate 
concentration relationships for the choline-ester splitting enzymes 
of fowl and shark plasma have also been studied. Moreover the 
hydrolysis of BzCh and ASaCh by guinea-pig liver and that of 
ASaCh by cow kidney have been considered; in these cases 
familiar dissociation curves were obtained. 

Physostigmine (3.63 X 10 ”*M) inhibited strongly the ChE ac- 
tivity at aU substrate concentrations. Strong inhibition was 
observed also in the hydrolysis of TB by horse plasma. The 
hydrolysis of BzCh and ASaCh by guinea-pig liver and cow 
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kidney were influenced only slightly by physostigmine, so also 
the destruction of ASaCh and TB by Sefia “liver”. Physostig- 
mine did not inactivate the tributyrinase activities of erythro- 
cytes (cow) and brain (dog). The action of physostigmine on 
ChE seemed to be competitive in all cases of strong inhibition. 

Potassium chloride (0.10 M) had no or very weak action on 
the ChE activity. It did not change the optimum substrate 
concentration for the enzymes of erythrocytes and brain. 

Clupeine (0.05 per cent) had a characteristic effect on the ChE 
activity. It inhibited the enzyme competitively which means 
that the dissociation constant for the enzyme-substrate complex 
in the presence of clupeine has a higher value than in its absence. 
When the enzyme was inhibited by high substrate concentrations, 
clupeine inhibited only the enzyme activity at low substrate 
concentrations changing the optimum substrate concentration to 
higher values. Clupeine did not influence the esterases of guinea- 
pig liver and the dart sac. 

Gum arabic (0.05 per cent) activated slightly the ChE activity 
in certain cases. 


Chaptee X 

EFFECT OF CHOLINE ON CHOLINESTEEASE ACTIVITY 

A. Introduction 

It was shown in Chapter VII that the reaction velocities in 
some cases decrease during the course of hydrolysis more than 
expected for a first-order reaction. This falling off of the reaction 
constants may be due in part to the inhibiting action of choline 
produced during the reaction. 

The inhibiting action of choline on the enzymic hydrolysis of ACh 
by blood serum was first demonstrated by Roepke (1937) and later 
on studied by other authors (Zifp, Jahn & Renshaw, 1938; Gaut- 
RELET & ScHEiNER, 1939; Ammon, 1943; Casiee & Delaunois, 
1946). In all these cases blood serum was employed. Moreover, 
SuLLMANN (1945) has stated that choline inhibits the hydrolysis 
of TB by blood serum, but not that by red blood cells. 

Applying the theory of Michaelis and Menten, Roepke demon- 
strated that choline and some of its derivatives inhibit the ChE 
activity competitively. Assuming simultaneous adsorption of ACh 
and choline on the surface of ChE, Zifp et al. derived an equation 
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for the relative affinities of choline derivatives for the enzyme 
surface and presented a method for measuring these affinities. 
This interpretation was based on the finding that the inverted value 
of the first-order reaction constant is a linear function of the choline 
concentration. 

The theoretical interpretation in Chapter IX, based on the 
theory of Michaelis and Menten, has also pointed to such a 
relatiqnship between reaction rate and concentration of a com- 
petitive inhibitor. In order to compare the action of choline 
on various reactions, the present author has plotted the ratio 
vjv' against the concentration of the inhibitor, in this case cho- 
line; V and v' symbolise the observed velocities of the hydrolysis, 
expressed by 630, in the absence and presence of choline respec- 
tively. According to Equation (7) (p. 101) a straight line with the 
intercept "one” is obtained on the vjv' axis, if the inhibition is 
competitive. This is the experimental results for the hydrolysis 
of various esters by horse plasma and Helix blood (Eig. 20). In 
other cases, such straight lines have not been obtained (Eig. 21). 

The effect of choline at various substrate concentrations have 
also been studied. The results are recorded as activity-pS curves 
(Eigs. 22, 24, 26, 27, 28) and in some cases graphically analysed 
by the Lineweaveb-Bubk procedure (Eigs. 23, 25, 29), At 
competitive inhibition, this is greater at low than at high sub- 
strate concentration (see Equation (6), p. 101). 

When the enzyme aetivity is depressed by high substrate con- 
centrations, it was considered in Chapter IX that an inhibitor I 
forms the complex El with the enzyme E, thus disturbing the 
equilibrium for the complex ES. In the presence of such an in- 
hibitor the optimum substrate concentration would be higher than 
in its absence. This is the experimental results for the enzymic 
hydrolysis of ACh by brain and erythrocytes (Eigs. 24 and 26). 

B. Inhibition as Eunction of Choline Concbntbation 

The ChE activities of various tissues were studied in the pres- 
ence of various concentrations of choline. The results are listed 
in Table 32 and some of them shown graphically in Eigs. 20 
and 21. 

If choline exerted a purely competitive inhibition a straight 
line would be the result by plotting vjv' against the concentration 
of choline (according to Equation (7), p. 101). Such are the experi- 
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Fig. 20. Inhibition of ChE from horse plasma and Helix blood by choline. 

Data from Table 32. 


Substrate Slope = 


Plasma Helix blood 

1. ACh(3) 1.10 X 10-* M 57.3 * 12.6 

2. BzCh(3) 8.22 X 10-3 jl 8.4 — 

3. ASaCh(3) 6.62 x lO-^ M 8.4 10.5 

4. TB(3) 6.62 X 10-3 M ~ - 

6. AAn(3) 5.28 x 10-s M - 72.6 

6. ACh(2) 3.30 X 10-3 M 22.3 * — 

7. ACh(4) 3.30 X 10-3 M (75.4) — 


* Eg = 2.5 X 10-3; ^ 


13.2 X 10-3 (ACh3)^ p 
(3.15 X 10-3 (ACh2)’ ^ 


23. 


mental results, found in Fig. 20. Thus choline inhibited com- 
petitively the hydrolysis of ACh, BzCh, and ASaCh by horse 
plasma. It inhibited much more strongly the destruction of ACh 
than it did those of BzCh and ASaCh. This means that the 
enzyme has a higher affinity for BzCh and ASaCh than for ACh. 
Much higher concentrations of choline are needed to give the 
same inhibition of the breakdown of BzCh than of ACh. 

Choline inhibited only slightly the hydrolysis of TB by horse 
plasma and the inhibition was not competitive. Also Scjllmann 
(1945) has observed an inhibition of serum tributyrinase, the 
action of choline in his experiments being somewhat more potent* 
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Table 32. Inhibition of ChE 


V and v' expres- 

Relative choline cone •... 

Absolute » » X 10* M 


Enzyme 

Substrate 

V 

Relative 

Preparation 

'xl. mg. 
per 

2.00 ml. 

1 

V 

r/a' 

Horse plasma 

50 

ACh(2) 

103 

88 

1 

1.17 

(Fig. 20) 

100 

ACh(3) 

403 

263 

i 1.54 


50 

ACh(4) 

69 

35 

1.97 


100 

B7.Ch(3) 

161 

145 

1.11 


100 

ASaCh(3) 

269 

247 

1.09 


100 

TB{3) 

(144) 

(110) 

1.31 

Cow erythrocytes 

100 

ACh(2) 

78 

54 

• 1.44 

(Fig. 21) 

100 

ACh(3)* 

120 

77 

1.56 


100 

ACh(4) 

130 

81.5 

1.59 


100 

ACh{5) 

102 

39 

2.62 


100 

MeCh(3) 

59 

31 

1.91 


100 

ASaCh(3)* 

.122 

51 

2.39 


100 

TB(3) • 

30 

— 

— 

Dog brain 

100 

ACh(3) 

93 

66 

1.41 

(Fig. 21) 

100 

MeCh(3) 

44 

26 

1.69 


100 

ASaCli(3) 

102 

61 

1.67 


100 

TB(3) 

73 

61 

1.20 

Guinea-pig liver 

100 

BzCh(3) 

(282.5) 

(232.5) 

1.22 


100 

ASaCh{3) 

(237) 

— 

— 


100 

TB(3) 

(425) 

— 

— 

Cow liver 

50 

ASaChr3) 

(134) 

(130.5) 

1.03 

Helix blood 

10 

ACh(3) 

75 

68 

1.10 

(Fig. 20) 

10 

ASaCh(3) 

24 

21 

1.14 


20 

AAn(3) 

34 

19 

1.79 


200 

TB(3) 

55 

46 

1.20 

Dart sac 

25 

AGh(3) 

331 

286 

1.16 


25 

ASaCh(3) 

110 

98 

1.12 


25 

TB(3) 

38 

38 

1.00 


1 

! Rel. cone. 

i 

6 

10 

14 

AGh(3) 

48 

2.50 

37 

3.25 

26 

4.62 

ASaGh(3) | 

18 

6.78 1 

15 

8.13 

12 

10.2 


It -ndll be remembered that all results reported above argue that 
tbe same enzyme in borse serum splits TB and cboline esters. 
The action of choline goes to prove that it cannot be the same 
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from Various Sources by Choline 
8ed in 630. 

1 2 4 8 12 16 

0.895 1.79 3.58 7.16 10.74 14.32 


concentration of choline chloride 


2 

4 1 

8 

12 

16 

i 

vjv 

v' 

vjv' 

V j 

vJv 

v' 

vjv* 


vJv* 

73.5 1 


55 

1.87 

40.5 

2.54 

29 

3.56 

25.5 

4.04 

195 ! 
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3.10 

78 

5.17 

57 

7.08 

46 

8.78 

24 

2.88 

17 

4.06 

11 

6.27 

8 

8.6 

6 

11.5 

132 

1.22 

120 

1.34 

105 

1.54 

84 

1.92 

79 

2.04 

224 


185 

1.45 

164 

1.64 

139 

1.93 

122.5 

2.19 

(113) 

1.28 

(103) 

1.40 

(102) 

1.41 

(105) 

1.37 

.(103) 

1.40 

49 

1.59 

41 

1.90 

37 

2.11 

33 

2.36 





64 

1.88 

50 

2.40 

43 

2.79 

38 

3.16 

18 

6.67 

60 


43.5 

2.99 

27 

4.81 

21 

6.19 

16 

8.13 

19.5 

5.23 

11.5 

8.87 

7 

14.6 

5 

20.4 

2 

51 

21 

2.81 

13 

4.54 

10 

5.90 

8.5 

6.94 

6 

9.84 

34 

3.59 

22 

5.55 

— 

— 

14 

8.71 

a 

15.3 




— 

— 

— 

25 

1.20 

24 

1.25 

56 

1.66 

42 

2.21 

32 

2.91 

29 

3.21 

21 

4.43 

16 

2.75 

11.5 

3.83 

10 

4.40 

8 

5.50 

4 


43.5 

2.35 

37 


29 

3.52 

25 

4.08 

17 


57 

1.28 

58 


61 

1.20 

57 

1.28 

59 

1.24 

(247.5) 1.14 

(242) 


(254) 

1.11 

(236) 

1.20 

(229) 

1.24 

— 

: 

— 

— 

(230) 

1.03 

(219) 

1.08 

(221) 

1.07 

— 

— 

— 

— 

— 

— 

(382) 

1.11 

(361) 

1.18 

(127) 

1.06 

(131) 

1.02 

(120) 

1.12 

(123) 

1.09 

(112) 

1.20 

63 

1.19 

52 

1.44 

40 

1.88 




27 

2.78 



16 

1.50 

14 

1.72 

12 

2.00 

11 

2.18 

13 

2.62 

10 

3.4 

5.5 

6.2 

4 

8.5 

3 

11.3 

34 

1.62 

35 

1.57 

42 

1.31 

j 35 

1.57 

33 

1.67 

262 

1.26 

224 

1.48 

188 

1.76 

1 155 

2.14 

130 

2.55 

79 

1.39 

60 

1.84 

42 

2.62 

1 

— 

29 

3.80 

33 

1.15 

35 

1.09 

34 

1.12 

j 32 

1.19 

32 

1.19 


active centre of the enzyme molecule that combines with TB 
and choline derivatives. 

Regarding the action of choline on the esterase activity of 
Helix blood (Fig. 20), straight lines were also obtained by plotting 
v/v against choline concentration. This was shown in the hydro- 
lysis of ACh, ASaCh, and AAn, in which cases choline inhibited 
competitively. The inhibition in the AAn hydrolysis was much 
stronger than in the ACh- or ASaCh-hydrolysis which means that 
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AAu has a lower affinity for the enzyme than ACh and ASaCh. 
These two esters seem to have about the same affinity for the 
Helix-hlood. ChB. 

The hydrolysis of TB by Helix blood was also inhibited by 
choline, but non-competitively and less than the hydrolysis of 
choline esters. Two different mechanisms therefore are likely to 
act in the enzymic cleavages of TB and ACh respectively. 

The esterase activity of the dart sac was also inhibited by choline 
(Table 32). The inhibition was stronger in the hydrolysis of ASaCh 
than in that of ACh. The enzyme affinity of ACh is therefore 
greater than that of ASaCh; further proofs for this statement 
are given in Chapter XII when the experiments with mixtures 
of substrates are reported. The action of choline in these cases is 
not likely to be competitive (see p. 138). 

The hydrolysis of TB by the dart sac was inhibited very slightly 
and non-competitively. This was also the case for the tributyrinase 
activities of guinea-pig liver and cow liver (Table 32). As regards 
the liver esterase(s) of guinea pig,, choline'had a very weak action 
also on the hydrolysis of BzCh and ASaCh, and the inhibition 
was not competitive. 

The results obtained with erythrocytes and brain are listed 
in Table 32 and shown graphically in Big. 21. The ChE activity 
was strongly inhibited in both cases, but it was not expected that 
the same simple relationships would hold in these cases as those 
found for the ChE of horse plasma and Helix blood. Plotting 
vjv' against the concentration of choline straight lines were not 
obtained for the erythrocyte and brain enzymes, but S-shaped 
curves instead. The inhibition seems to be competitive, for all 
curves gave the intercept “one” by extrapolating to zero choline- 
concentration. Such were the results obtained irrespective of 
substrate studied (ACh, MeCh, ASaCh). It will be remembered 
that all results reported above have pointed to the identity of 
the erythrocyte and brain ChE. The curves in Fig. 21 provide 
further evidence of this identity. 

The S-shaped curves would possibly indicate the formation 
of an active complex EIS, capable of breakdown. The rapid 
increase in inhibition by high choline concentrations might then 
be due to, the formation of the complex EIj. The relationship 
between degree of inhibition and inhibitor concentration in the 
hydrolysis of ACh, however, will be understood when the inhibi- 
tion as. function of substrate concentration has been discussed 
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Kg. 21. Inhibition, of ChE from cow erythrocytes and dog brain by choline.- 

Data from Table 32. 

1. ACh{3); 2. MeCh(3}; 3. ASaCh(3); 4. TB(3); 5. ACh(2); 6. ACh(4),- 7. ACh(S). 

(see next Section, p. 135). It is therefore not necessary to suppose 
the formation of an active BIS complex in this case as an 
explanation of the results recorded in Big. 21. In the hydrolysis 
of ASaCh the mechanism of inhibition by choline seems to be 
more complicated (p. 136). 

The hydrolysis of TB by erythrocytes and brain was very 
slightly influenced by choline (Table 32 and Fig. 21). 

C. Inhibition as Function oh Substrate Concentration 

The inhibiting action of choline was also studied at various 
substrate concentrations. The results are found in Figs. 22—29. 

In some cases they were analysed by the Lineweaver-Burk 
procedure. 

1. Borse 'plasma. The hydrolysis of ACh by horse plasma was 
strongly inhibited by choline (Fig. 22), As expected, vK'. (in 
he presence of choline) was less than pjfg (in its absence), which 
means that greater ACh concentrations were needed for saturating 
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Fig. 22. Activity-pS curves for the euzymic hydrolysis of ACh and BzOh 
by horse plasma in the presence of added choline. 


Choline 


1 . - 

2. 3.58 X 10-2 M. 

3. 10.74 X 10-2 M. 


ACh BzCh 

(60 |a 1. plasma) (100 [rl. plasma) 


V 

max 

pifo 


Choline 

^opt 

P®opt 

pS, 

165 

2,6 

1. 

- 156 

2.2 

3.4 

. 166 

1,55 

2, 

7.16 X 10-2 M 120 

1.65 

(3.0) 

. 165 

< 1 

3. 

10.74 X 10-2 M 112 

1,2 

2.95 


Cf. Fig. 23 for graphical analysis. 


the enzyme. Straight lines were obtained when 1/[S] was plotted 
against l/bgo (Fig. 23; cf. Equation 6); 630 expresses the reaction 
velocities v and v' when choline is absent and present respectively. 
The ordinate intercept (1/Vjaax) is 6.5 X 10"“ which gives 
= 154: (155 is more correct, obtained by the procedure described 
on p. 99). The slopes of the lines multiplied with 155 give Kg 
and K'b respectively. In two experiments with various choline 
concentrations, the dissociation constant of the complex El 
was fotmd to be 3.5 x lO”® and 3.2 x 10“’ respectively. Evalu- 
ating Ki from the data of Fig. 20, 3. 2 x 10-® was obtained. These 
results clearly indicate that ACh and choline compete for the 
same active centre of the enzyme molecule and that ACh has a 
somewhat higher affinity (= 100) for the enzyme than choline 
(= 78; according to Ziff et al., 87). 

It was shown in Chapter IX (Fig. 8) that the enzymic hydrolysis 
of BzCh is depressed by high substrate concentrations. This de- 
pressing effect is assumed to be due to the formation of complexes 
with more than one substrate molecule (ESg, ES3 . . .) (cf. Line- 
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p] iTg. ir’s reap. JTi = 

^bI^S ~~ ^ 

1. — 2.5 X 10~* — 

2. 3.58 X 10-* M 2.8 X 10~® 3.5 X 10~® 

3. 10.74 X 10-* M 8.0 X 10-* 3.2 X 10"“ 

3.2 X 10-» 

(according to Fig. 20) 


WEAVER & Burk, 1934). Choline seems to be a competitive in- 
hibitor also in the hydrolysis of BzCh, causing an increase of 
optimum substrate concentration and a decrease of optimum 
velocity (cf. below, cow erythrocytes). 

2. Cow erythrocytes. As shown in the foregoing section choline 
also inhibits the ChE activity of erythrocytes (Fig. 24). In the 
presence of choline the optimum substrate concentration was 
changed to - higher concentrations, the miore choline added, the 
lower the value of pSopf In an ACh(3) solution (1.10 x 10“® M) 
the substrate concentration is higher relatively to the optimum 
substrate concentration. When choline was added in increasing 
concentrations to such a solution, pSopt approached that corre- 
sponding to 1.10 X 10“”. In the presence of still higher choline 
concentrations, this substrate coneentration was too low to give 
optimum enzyme activity. Consequently the enzyme activity 
increased with increasing substrate concentration (>1.10 x 10“®) 
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‘Kg. 24. Activity-pS curves' for the enzymic hydrolysis of ACh and ASaCh 
by co-sv erjdihrocytes (100 (il.) in the presence of added choline. 


Cholinb 

1 . - 

2. ^0.h'J5 X 10*“ M 

3. * 3.58 X 10-2 M 


ACh 


Y 

^ opt 

PSop 

pSi 

158 

2.6 

3.4 

94 

2.2 

3.0 

50 

1.7 

2.5 


Choline 

pSj 

1.5 1. - 

1.25 2. 1.79 X 10“ 

1.0 3. 3.58 X 10-' 

Cf. Fig. 26 fc 


ASaCh 

168 2.7 

M ? ? 

M ? ? 

graphical analysis. 



Fig. 25. Effect of choline on the enzymic hydrolysis of ASaCh by cow erythrocytes. 
Results in Fig. 24 analysed by the Li>T:wzAVEK-BTmK procedure. 

1. No choline; 2, 1.79 X 10“*»M choline; 3. 3.58 X 10^* -M choline. 
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Fig. 2G. .tiCtivity-pS curves for the enzymic hydrolysis of ACh and ASaCh by dog 
brain (100 mg.) in the presence of added choline. 




ACh 


ASnCh 

Choline 

^opt 

pSopt pSi 

PS; 

V 

* junx 

p4’ 

K - 

105 

2.4 

3.4 

1.0 

119 

3.25 

2. 3.58 X 

49 

1.9 

2.G5 

7 

54 

2.25 


when such a high concentration of choline was present, it de- 
creased on the other hand in the absence of choline or in the 
presence of low choline concentrations. The degree of inhibition 
{vjv') therefore may not be expected to increase with increasing 
choline concentration according to Equation (7) or (11) (p. 104). 
A given substrate concentration above the optimum will tend to 
become optimal with increasing choline concentration. Conse- 
quently the enzyme activity comes nearer to its Eopt? Teaching 
this at a given choline concentration. Therefore vjv' increases 
more slowly than expected. This explains most probably the results 
recorded in Fig. 21. "When the substrate concentration is lower 
than the optimum one and the complex ESa not formed, the 
inhibition expressed by vjv' should be proportional to inhibitor 
concentration as is to be expected in a purely competitive in- 
hibition. Such was the result in an experiment with the ACh 
solution No. 5 (1.10 x 10"’ M) (Fig. 21). 

10—474200 
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i. 3.58X10-»M 53 (il) ^ 2.6 ~ 

3. 10.74 X 10~* M 32 ( » 1) 2.4 - 


The hydrolysis of ASaCh gives a familiar dissociation curve, 
as shown in Pig. 24 (cf. Pig. 12). The action of choline on this 
reaction is more complicated than in other cases, also demonstrated 
in Pig. 25 where the results are analysed by the Lineweavee- 
Bubk procedure. At low and high substrate concentrations 
respectively, the enzyme seems to act upon ASaCh in different 
ways. At high substrate concentrations the inhibition by choline 
was much less than expected in a competitive inhibition. At low 
and medium ASaCh concentrations the inhibition was considerable, 
choline presumably acting upon the same active centre that 
combines with ACh when this substrate is in low concentrations. 
Consequently ASaCh of low and medium concentrations is acted 
upon by the same active enzyme-centre that combines with ACh 
and choKne. At high ASaCh concentrations another mechanism 
sets in, not competitively disturbed by choline. Puxther evidence 
for this assumption has been given above (p. 112). 

3. Dog brain. As pointed out many times in this paper the ChE 
activity of brain is similar to the enzyme activity of erythrocytes. 
Also the action of choline on the two enzymes is the same (Pig. 
26). The interpretation of this action discussed for the erythro- 
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Fig. 28. Activity-pS curves for the en- 
zymic hydrolysis of ACh by the dart 
aao (10 mg.) in tho presence of added 
choline. Cf. Fig. 29 for graphical ana- 
lysis. 

Choline 

1. - 

2. 10.74 X 10“* M . 



130 2.7 

80 2.3 


cyte ChE is most probably true also for the brain CliE. The in- 
hibition of the ASaCh hydrolysis was not competitive which is in 
agreement with the results obtained in the experiments witb 
erjdihrocytes. 

4. Helix blood. The inbibition of the ChE activity of Helix 
blood by cboline seems to be more complicated and is hardly 
capable of interpretation in the same way as tlio action of cbolino 
on the specific ChE of erythrocytes and brain. The activity was 
inhibited by excess of substrate, but the action of choline on the 
enzyme was not of the same kind as for tho specific ChE. This is 
shown in Eig. 27. The inhibition seems to be competitive at low 
substrate concentrations. Tho action of choline was such that at 
high substrate concentrations and relatively low choline concentra- 
tions, choline had a weak activating effect on tho enzyme activity. 
In the presence of choline, excess of substrate did not depress 
the activity. It will be remembered that tho specific ChE (cry thro- 
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12 3 4 ACh solution No. 5 



Pig. 29. Effect of choline on the en^mic hydrolysis of ACh 'by the dart sac. 
Results in Pig. 28 analysed by the LtNEWEAVEE-BtrEK procedure. 

1. No choline; 2. 10.74 .X choline. 


cytes, brain) and the Helix-hlood CbE differ ■witb respect to 
inhibition as function of choline concentration (Figs. 20 and 21). 

5. Dart sac. The high ChE activity of the dart sac gave still 
another pattern (Eig. 28). Choline inhibited the enzyme, but the 
inhibition was not competitive. This is demonstrated in Fig. 29 
where the results are analysed by the Lineweaver-Buek proce- 
dure. The ordinate intercept is higher in the presence of choline 
than in its absence, that is, is lower when choline has been 
added. 

D. Summary of Charter X 

As expected choline exerted a competitive inhibition on ChE. 
But this was actually true only in some definite cases, demon- 
strated in experiments with varying choline concentrations as 
well as varying substrate concentrations. 

The inhibition was purely competitive for the ChE activity 
■of horse plasma, shown with ACh, BzCh, and ASaCh as substrates. 
.Oholine acted also competitively 'On the Dclzx-hlood enzyme when 
it hydrolysed ACh, ASaCh, or AAn, and the concentrations of the 
substrates were not too high. At very high ACh concentrations 
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the Helix-blood ChE seems not to be acted upon by choline to 
give competitive inhibition. In the hydrolysis of BzCh by horse 
plasma, choline also exerted competitive inhibition at low sub- 
strate concentrations. Choline only slightly inhibited the TB 
hydrolysis by the enzymes of horse plasma and Helix blood 
respectively and in both cases the inhibition was non-competitive. 

The ChE of erythrocytes and brain were also inhibited by 
choline. In plotting the degree of inhibition (expressed by v/v') 
against choline concentration, the same characteristic S-shaped 
curves were obtained in both cases, irrespective of substrate 
(ACh, MeCh, ASaCh). Choline inhibited competitively the hydro- 
lysis of ACh. The S-shaped curves in this case have been inter- 
preted on the basis that choline causes a shift of the optimum 
substrate concentration to higher concentrations. The inhibition 
of the two enzymes in the hydrolysis of ASaCh was more com- 
plicated and the enzyme mechanism seems not to be the same 
at high and low substrate concentrations. The hydrolysis of TB 
was inhibited very slightly and non-competitively. 

The ChE activity of the dart sac was inhibited by choline, but 
the inhibition was not competitive. 


Chapter XI 

EFFECTS OF SOME FURTHER SUBSTANCES ON 
CHOLINESTERASE ACTIVITY 

A. Introduction 

Charaeteristic of the literature on the chemistry of ChE is the 
great variety of observations made on the effects of different com- 
pounds on the enzyme activity. A complete list of these substances 
has been given in Chapter II (Table 4). The purpose of these 
studies, in most cases, have been to find a possible explanation 
of certain physiological and pharmacological and also clinical 
events in terms of a reduction or potentiation in the ChE activ- 
ity.. Such a correlation has also been tried in a great variety of 
pathological states, as reported in Chapter I (p. 14). But in very 
few cases conclusions as to the relation between ChE activity 
and diseases or drug functions could be drawn. The pharmaco- 
logical actions of physostigmine, prostigmine, and similar drugs. 
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Table 33. Inhibition of GhE from 


Substrate solutions No. 3. 


Enzyme 

Sub- 

strate 

Wo in- 
hibitor 
present 

^fiO 

Inhibitor 

Preparation 

JJ.1. mg. 
per 

2.00 ml 


Methylene blue 
4.01 X 10“* M 

bao 

inh. 

bao 

inh. 

Purified horse- 


AOh 

153 

! 2 

99 


100 

serum OhE 

C^f 

BzCh 

68 

; 9.5 

86 


95 


»3 00C 

ASaCb 

128 

16 

87 


94 



TB 

42 

7 

83 


88 

ScylUum plasma 

200 

ACb 

18.5 

0 

100 

’ 0 

100 


200 

MeCh 

10 

2 

80 




200 

ASaCb 

27 

0 

100 

2 

93 

Cow eiythrooytes 

50 

ACh 

93 

12 

87 

5 

95 


50 

MeCb 

57 

11 

81 

7 

88 


50 

ASaCh 

105 

16 

86 

17 

84 


50 

TB 

26 

25 


25 

0 

Dog brain 

50 

ACh 

35 

8 

77 

0 

100 


50 

MeCh ! 

30 

4 

87 

5 

83 


60 

ASaCh 

48 

6 

87 

6 

87 


50 

! 

TB 

36 

32 

11 

25.5 

29 

Guinea-pig liver 

100 

ACh 

13 

5 

62 

2 

85 


1 60 

BzCh 

230 

191 

17 

234 

0 


60 

ASaCh 

225 

178 

21 

215 

4 


26 

TB 

(360) 

(355) 

0 


0 

Sefia ‘‘liver’* 

50 

ACh 

82 

8 

90 

4 

95 


50 

ASaCh 

38 

24 

37 


48 


60 

TB 

64 

43 

20 

38,5 

29 


20 

ACh 

107 

8 

93 

4 

96 

Helix blood 

20 

MeCh 

43 

6 

88 

9 

79 


20 

ASaCh 

35 

6.5 

84 

3.5 

90 


20 

AAn 

47 

2 

96 

3 

94 


200 

TB 

49.5 

29 

41 

— 

— 

Dart sao 

25 

ACh 

308 

6 

98 

60 

84 


25 

MeCh 

23 

0 

100 

— 

— 


26 

ASaCh 

118 

10 

92 

15 

87 


26 

TB 

31 

21 

32 

— 

— 


and also those of di-tsopropjl fluorophosphate, however, are ex- 
ceptions and chiefly accounted for on the inhibition of the ChE 
activity. These substances are also known as the most powerful 
"anticholinesterases” (see p. 28). Some recent papers deal with 
the actions of various substances in order to find out possible 
criteria for a differentiation of different choline-ester splitting 
enzymes. In the light of recent results about the specificity of 
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Various Sources by Difjerent Substances 
Inhibition expressed in per cent. 


present 


! Caffeine 

Quinine HCl 

Neurino Br 

Cystine 

Clupeine ( 

5um arable 

7.07X10 

m; 

5.78X10 

Mi 

3.03x10-*M( 

3.24x10-^1 

0.05 

% 

0.05 % 

&30 

inh. 

ho 

inh. 

bao 

inh. 

K 

inh. 

ioo 

inh. 

bgo 

inh. 

151 

1 

20 

87 

142 

7 

173 

+ 

27 

82 

185 

+ 

66.5 

2 • 

48 

29 

68.5 

0 

74 


37.5 

45 

74.5 

+ 

129 

0 

54 

58 

128 

O 

138 

+ 

48 

62 

153 


42 

0 

7.5 

82 

39 

7 

48 

+ 

22 

48 

53.5 

+ 

15 

19 

4 

78 

— 

— 

— 

— 

— 

— 

— 

— 

74 

20 

82 

12 

83 

11 

90 

3 

113 

+ 

86 

8 

48 

16 

49 

14 

46 

19 

59 

0 

38 

33 

59 

0 

103 

2 

88 

16 

85 

19 

105 

0 

64 

39 

84 

20 

26 

0 

18 

28 

26 

0 

19.5 

22 

22.5 

10 

25 

0 

27.5 

21 

31 

11 

30 

14 

36.5 

0 

38 

(0) 

43 

+ 

j 23.5 

21 

24 

20 

25 

17 

— 

— 

16 

47 

32 

0 

1 r 

— 

36 

36 

25 

0 

z 

— 



. ■ 

■ 





10 

23 

2 

1 85 

10 

23 

10 

23 

11 

j 

i 15 

1 

1 ' 

232 

0 

26 ' 

89 

226 

2 

233 

0 

293 

+ 

218 : 

5 

224 

0 

85 

62 

222 1 

1 

197 

12 

253 

+ 

260 

+ 

(355) 

0 

(325) 

10 

— 

— 

— 

— 

(360) 

0 

(400) 

+ 

82 

0 

23 

72 









82 

0 

80 

2 

38 

0 

30 

50 

21 

7 

— 

— 

— 

— 

38.5 

0 

38 

0 

104 

3 

126 

+ 

85 

20 

128 

+ 

107 

20 

17 

0 

63 

61 

132 

'+ 

21 

40 

33 

6 

25 

28 

— 

_ ■ - 

— 


38 

19 

32 

32 

34 

28 

— 

— 

20 

57 

— 

— 

299 

3 

133 

57 

295 

4 

— 

— 

313 

0 

— 

— 

119 

0 

39 

67 

119 

0 

— 



70 

41 





— 

— 

— 

* 

— 

— 

— 

— 

— 

— 

— 

— 


ChE, the present author has studied the effects of some substances 
on the esterase activities of various sources. Strong evidence of 
the identity of Wo enzymes may be the fact that both axe affected 
in the same way by a certain compound. 

One of the most characteristic inhibitors of ChE is physostig- 
mine, the action of which has been discussed in certain cases in 
Chapter IX. Also the characteristic effect of clupeine has been 
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reported there. For comparison the actions of these agents are 
also listed in Table 33 which in addition summarises the results 
obtained with other substances, the effects of which will be 
considered next. The experiments have been carried out with the 
substrate solutions No. 3. In the side bulb of the flask, 0.20 ml. 
of the enzyme preparation was mixed with 0.20 ml. of the in- 
hibitor solution. The concentrations of the inhibitors are found 
in Tables 7 and 33. 

B. Kesults 

1. PJiysostigmine salicylate. Previous investigations on the in- 
hibiting action of physostigmine on ChE are reviewed in Chapter 
11 (p. 29). The inhibition is said to be competitive. As shown in 
Chapter IX, physostigmine salicylate (3.63 x 10~® M) inhibits 
the ChE activity at all substrate concentrations completely or 
almost completely. Complementary results are found in Table 33. 
The hydrolysis of TB by blood serum was strongly inhibited, but 
not that by erythrocytes and brain respectively. The tributy- 
rinase activities of Sefia “liver” and Helix blood were inhibited 
but not strongly; physostigmine did not affect that activity of 
other liver preparations. 

An exception to the general rule already noted, that the en- 
zymic destruction of all choline esters are completely retarded 
by small concentrations of physostigmine, is the effect of this 
inhibitor on the rapid breakdown of BzCh by guinea-pig liver 
which was only slightly influenced (17 per cent). The hydrolysis 
of ACh, however, was inhibited to about 60 per cent. This agrees 
with an assumption that two distinct esterases exist in guinea- 
pig liver. 

Physostigmine inhibited in the concentration of 3.63 x lO"** 
M the hydrolysis of ASaCh by guinea-pig liver to about 20 per 
cent. Fig. 30 shows the hydrolysis of this ester with and without 
inhibitor. The two curves approach each other slowly and they 
run together when complete destruction of the choline-ester 
linkage is reached, that is, the reaction which is supposed to 
be inhibited by physostigmine. The breakdown of the acetyl- 
salicylic linkage, most probably, is not influenced by physostig- 
mine, for the hydrolysis of ASa, proceeding at a very high rate 
through the action of guinea-pig liver, was not inhibited by 
this drug (630, in experiments with and without inhibitor, was 
184 and 187 respectively). 
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Fig. 30. Total (enzymic + uoa-enzymic) hydrolysis of ASaCh by guinea-pig 
liver (50 mg.) and covr kidney (100 mg.) respectively. Action of physostigmine 
on these reactions. ’ 'Autolysis** refers to non-enzymic hydrolysis. 

1. No inhibitor; 2. 3.63 X physostigmine salicylate. 

Fig. 30 shows also the results obtained in similar experiments 
performed with cow kidney which splits ASaCh at a high rate, 
but BzCh at a low rate. This reaction was practically un-inf luenced 
by physostigmine. It is therefore most probably the acetyl- 
salicylic linkage only that is destroyed and this reaction is a 
'priori not inhibited by physostigmine. As is supposed above (p, 
119), cow kidney probably contains a “salicylesterase” with other 
properties than a ChE. Similar results have been obtained with 
guinea-pig kidney and also with SpirograpMs blood (Aijgustins- 
SON, 1947). 

2. Methylene blue is a strong inhibitor of serum ChE, first 
shown by Rbntz (1940) and by Massaet and Dupait (1940 c, 
1941 a, b). This action is due to the presence of the quaternary 
ammonimn ion, for the leuco form of the dye has no inhibiting 
effect. The anti-ChE activity of methylene blue and other oxida- 
tion-reduction systems has been discussed in detail by Kxein 
(1944) and by Toeda and Wolpf (1944), using blood serum as 
an enzyme preparation. 

Table 33 shows that methylene blue in 4.10 x 10~^-M solutions 
inhibits the enz3miic hydrolysis of choline esters as well as TB 
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by horse serum to about the same high extent. This provides 
further evidence that the same enzyme splits ACh and TB. Potent 
inhibiting action was found on the ChE activity of shark plasma. 
The erythrocyte ChE was also strongly inhibited, but the hydro- 
lysis of TB by the cells was not affected. This is in accordance with 
the assumption that two distinct enzymes are responsible for the 
hydrolysis of choline esters and TB. Similar results were obtained 
with brain which, in addition to a specific ChE, contains a tri- 
butyrinase, only slightly acted upon by methylene blue. 

The low rate of the ACh hydrolysis by guinea-pig liver was 
strongly inhibited by the dye, but this was not the case in the 
BzCh and ASaCh reactions. It may therefore be supposed that 
this tissue contains an ACh-splitting enzyme in very low con- 
centration and in addition a second esterase acting upon BzCh 
and ASaCh. The hydrolysis of TB was also unaffected by methylene 
blue. The Zabrus-liver ChE was inhibited to about 76 per cent 
(bao 108 and 28 respectively, substrate ACh). The inhibition of 
the Septa- ‘‘liver’’ ChE was strpng, that of its tributyrinase 
activity much weaker. The hydrolysis of ASaCh was inhibited to 
about 50 per cent. It is supposed that ASaCh is acted upon by 
two esterases in Sepia “liver”, one of which is strongly inhibited 
by methylene blue. 

The ChE activity of Helix blood showed the same characteristic 
and strong inhibition by methylene blue; also the hydrolysis of 
AAn was inhibited almost completely. The dart-sac enzyme 
behaved in the same way. 

3. Caffeine is said to inhibit the specific ChE selectively, 
shown for the first time by Zeller and Bisseggee (1943) and 
later on confirmed by HACHMANSOHif and Schneemartn (1945). 
In the experiments performed by the present author, the caffeine 
concentration was 7.07 x 10"* M. It is clearly demonstrated in 
Table 33 that this compound does not inhibit the ChE activities 
of horse serum, Sepia “liver”, and the dart sac.- On the other 
hand, the enzymic hydrolysis of ACh was inhibited by caffeine 
using erythrocytes, brain, and guinea-pig liver. The inhibition 
in all these cases was about 20 per cent. These findings offer 
further proofs that caffeine acts exclusively on the specific ChE, 
that type of choline-ester splitting enzymes supposed to exist in 
those tissues where caffeine acts as an anti-ChE. The enzyme 
of shark plasma was also inhibited by caffeine. This was expected 
from other findings indicating this plasma to contain a specific 
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CliB in low concentration. The tributyxinase activity was not 
inhibited by caffeine in any case. 

The inhibition of the ChE activities of erythrocytes and brain 
as function of caffeine concentration is found in Fig. 31. The 
curves have the same characteristic S-shape as was found in 
the inhibition of these activities by choline (Fig. 21). The potency 
of caffeine to inhibit the specific ChE is not very great, but the 
distinguishing feature of the inhibition is undisputable. Caffeine is 
a well-known stimulant of the brain and the inhibition of the 
brain ChE by this drug is interesting from this point of view. 
The fact that the degree of inhibition is constant for a wide range 
of drug concentrations may be important in the prescription for 
using the drug therapeutically. If the relationship between the 
inhibition of the specific ChE and the drug concentration is also 
true for other “anticholinesterases” of high potency, e.g., physo- 
stigmine, prostigmine, DFP, it will become of general value in the 
therapeutics of such compounds. 

The hydrolysis of ACh by Helix blood, which in certain cases 
gives the same pattern as the hydrolysis catalysed by the specific 
ChE (erythrocytes, brain), was not influenced by caffeine (Table 
33 and Fig. 31). 

4. Quinine hydrochloride. Previous investigations have shown 
that quinine inhibits serum ChE, but has a weaker effect on the 
specific ChE of brain (for references, see Table 4). This has been 
confirmed by the studies performed here. Quinine hydrochloride 
(3.78 X 10“'* M) inhibited strongly the hydrolysis of choline 
esters and TB catalysed by serum, liver preparations, and the 
dart sac. The affinity of this drug for the specific ChE of red 
blood cells and brain was less. 

A more detailed account on the action of quinine is found in 
Fig. 31, where the degree of enzyme inhibition (expressed by vjv') 
has been plotted against the concentration of inhibitor. The 
inhibition is not purely competitive, neither in the case of horse 
plasma nor of the dart sac. The activating effect on the hydrolysis 
of ACh by Helix blood is remarkable and not found in any other 
case. 

5. Neurine bromide. The action of neurine [(CH 3 ) 3 N-CH=CH 2 l"', 
the structure of which is close to that of choline, has not been 
considered previously in ChE studies. In 9.03 x 10~*-M solu- 
tion neurine bromide inhibited the ChE activities of erythro- 
cytes, brain, and Helix blood relatively stronger (about 20 per 



14G 




/?<?/. [I] 


Fig. 31._ Inhibition of ChE 
by caffeine and quinine hyd- 
rochloride respectively as fune- 
tion of inhibitor concentration. 
Absolute molar concentrations 
noted correspond to relative 
concentration “1”. Substrate 
ACh(3). 

Enzyme source ^ ^ ^ 

1. Cow erythrocytes 

(100 [4.) 120 

2. Dog brain (100 mg.) . 79 

3. Helix blood (60 pi.) . . 349 

4. Horse plasma (26 pi.) 92 

5. Dart sac (26 mg.) .... 274 


cent) than the activities of blood serum and the dart sac. Thus 
neurine behaved in the same way as caffeine. The low rate of 
the ACh hydrolysis catalysed by guinea-pig liver was also slowed 
down, but this was not the case in the BzCh and ASaCh reactions. 

6. Cystine. As pointed out in Chapter II, Nachmansohn and 
Ledeeer (1939 a, b) have supposed that the action of ChE 
(from electric organ) depends upon free SH groups. They found 
that oxidised glutathione, like cystine a disulphide, inhibits the 
enzyme activity. An inhibition of the ChE in leech extracts by 
cystine was observed by Riechert and Sohjhd (1942). In contra- 
distinction to these findings, Stadie, Riggs and Haitgaard 
(1945) have shown ChE to be very resistant to oxidising agents. 
In experiments performed by the present author it has been 
stated that cystine has a very weak or no effect on the ChE 
activities of various sources. The results, however, are not very 
consistent. Thus a small activation was observed with the non- 
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specific ChE of horse serum and also with the //cKic-hlood ChE. 
In other cases no or very inconsiderable inhibition was observed. 

When the experimental part of this work was completed, Wels 
and Repkb (1947) announced their results from an investigation on 
the effects of certain thiol reagents on ChE. Confirming the author’s 
observation they found cystine to have no inhibiting action on serum 
ChE (cat). 

7. Clwpeine. The action of clupeine on ChE was discussed 
in detail in Chapter IX where the characteristic change of pXy 
and pSopt in the presence of this protamine was demonstrated. 
This change of pSopt for the specific ChE explains the fact that, 
in the case of ACh hydrolysis in solution No. 3, clupeine has no 
effect on the enzymes of erythrocytes, brain and Helix blood 
(Table 33). When other choline esters, however, were used, in- 
hibition was observed, due to the non-alteration of pSopf. The 
general effect of clupeine on ChE, the specific as well as the non- 
specific ‘enzyme, is undisputable, hoAvever, and shown for certain. 
In sharp contrast to this pattern stands the activation of the 
guinea-pig liver esterase in the hydrolysis of BzCh and ASaCh 
(Table 33). 

8. Gum arabic has a weak potentiating effect on the ChE 
activity in certain cases, shown in Chapter IX and Table 33. 
This action seems to be characteristic of the specific as well as 
the non-specific ChE. 

C. Summary of Chapter XI 

Physostigmine and methylene blue inhibited the ChE activity 
strongly in all cases, the specific ChE as well as the non-specific 
esterase. With a number of other compounds significant differences 
in affinity for various types of esterases were found. Caffeine 
and neurine inhibited the activity of the specific ChE almost 
exclusively. Quinine, on the other hand, showed strong in- 
hibition of the non-specific ChE, the effect on the specific enzyme 
was much weaker. An acceleration of the ACh hydrolysis by 
Helix blood was observed in the presence of low quinine con- 
centrations. The inhibiting effect of quinine was not competitive. 
Plotting the caffeine concentration against the degree of inhibition 
by this drug, S-shaped curves were obtained of the same kind 
as was found in experiments with choline. Cystine had a very 
weak or no effect on ChE. 
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According to these findings the same specific ChE occurs in 
erythrocytes and brain. The enzymes of Helix blood and the dart 
sac behave differently and are not identical "with the esterases 
of horse serum or Sepia “liver”. 


Chapter XII 

HYDROLYSIS OF MIXTURES OF SUBSTRATES 
A. Introduction 

In the foregoing Chapters a number of ways have been discussed 
which may be employed in establishing the identity of enzymes 
acting on several substrates. A further criterion of specificity has 
been obtained from measuring the rate of hydrolysis when an 
enzyme preparation acted upon a mixture of two substrates, and 
comparing the amount of CO 2 evolved with the amounts when 
the substrates^ were hydrolysed separately. 

An enzyme preparation, which was found to catalyse the hydro- 
lysis of two substrates, was allowed to act upon a mixture of 
these substrates. The rate of this reaction might be higher, equal 
to, or less than the rate of hydrolysis of that substrate alone 
which was split at the highest rate. 

(1) If two separate esterases act upon each of two substrates, 
the amount split at any time in the mixture of the substrates 
should equal the sum of the amounts split at the same time 
when the two esters are hydrolysed separately, provided that the 
substrate concentrations are high enough to saturate the enzymes. 
In such a case the two reactions go on, each entirely indepen- 
dently of the other. This is the experimental results in the 
hydrolysis of ACh and TB by red blood cells (Fig. 32), brain 
(Fig. 33), Labrus liver (Fig. 34), and Sepia "liver” (Fig. 35), 
respectively. 

The effect by mixing two substrates, however, must not be 
absolutely additive. Suppose, for instance, that one of the sub- 
strates (or its reaction products) inhibits the action of the other. 
In such a case the hydrolysis at any given time wiU be less in the 
mixture than the sum of the separate hydrolysis. This fact ex- 
plains possibly the experimental results in some cases in the 
hydrolysis of ACh and TB (Figs. 33, 34). 
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(2) If two substrates are hydrolysed by the same enzyme, an 
additive effect will not be the result in a mixture of the substrates, 
except in very low substrate concentrations.^ In the case of high 
substrate concentrations, the rate of hydrolysis should not be 
altered when a substrate with high affinity for the enzyme is 
mixed with a second substrate, the affinitiy of which is less. 
This is the experimental results in most reactions of mixtures 
of choline esters (Figs. 32 — 36). The fact is that ACh, in most 
cases, has the highest affinity for ChE, but this is not always 
true as will be seen next. 

(3) In some cases a decrease of the rate of hydrolysis was ob- 
served when two substrates (choline esters) were mixed. This is 
the experimental results in the hydrolysis of ACh and AAn by 
Sefia “liver” (Fig. 35), and of ACh and ASaCh by Helix blood 
(Fig. 36). It is assumed that the enzyme affinity of the second 
substrate (AAn and ASaCh respectively) is the same or greater, 
and the separate rate of hydrolysis less than the corresponding 
data of the first substrate (ACh, in this case); hence, the result 
will be a decrease in the rate of hydrolysis in the mixture of the 
two substrates. 

In the experiments of this kind, the main compartment of the 
flask was filled with 0.80 ml. of a substrate solution No. 3 and 
0.80 ml. distilled water or 0.80 ml. of another substrate solution 
No. 3. As usual, the enzyme activity was expressed by 630. 

B. Besxjlts 

1. Plasma. It has been shown in the preceding Chapters that 
the blood plasma of various vertebrates most probably contain 
an enzyme which brings about the hydrolysis of choline esters and 
tributyrin as well. The results obtained in experiments with mix- 
tures of substrates provide further evidence that human, horse, 
and guinea-pig plasma do not contain a specific ChE. Allowing 
the enzyme to act upon a mixture of ACh and TB, the reaction 
velocity was almost the same as when ACh alone was present at 
the same concentration. At this concentration, 5.5 x 10~^ M, 
the enzyme is not saturated with ACh, but this makes no difference 
in this case as the velocity is not altered by 3.3 x TB. 

^ In a personal communication. Dr. V. P. WurraAKEE has pointed out that an 
additive e£feot \9ill only be obtained when each substrate concentration is much 
smaller than the corresponding 
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The results are demonstrated by the data obtained with guinea- 
pig plasma (Fig. 32). Nor did the rate of ACh hydrolysis change 
when this substrate was mixed with 4.11 x BzCh, thus 

indicating that the same enzyme catalyses the hydrolysis of ACh 
and BzCh. 

2. Erythrocytes. In contrast to the plasma, the red blood cells 

contain two esterases at least, one splitting only choline esters 
and one splitting TB. At 5.6 x 10"^ -M ACh, optimum conditions 
are prevailing for enzymic hydrolysis in most cases by erythrocyte 
ChE. When TB was present at the same time a purely additive 
effect was observed, and the two substrates therefore were split 
each independently of the other. This is very weU demonstrated 
in Fig. 32; the shaded area will explain the additive effect. In 
this case of guinea-pig erythrocytes, the value of 630 (283) agrees 
very well with the expected value (184 + 100) for a purely ad- 
ditive effect. ... 

3. Brain (dog) also contains two enzymes acting upon choline 
esters and TB respectively. The additive effect in the mixture 
of ACh and TB, as shown in Fig. 33, was not pure, but indicated 
indisputably that the two substrates were destroyed by distinct 
esterases. All choline esters used in this series of experiments were 
split by the same specific ChE. The determinations were carried 
out at optimum substrate concentrations, 

4. Lahrus liver. This bony-fish Hver contains a "specific” ChE 
which in addition brings about the hydrolysis of AAn (Fig. 34). 
The rate of hydrolysis in the mixture of ACh and ASaCh was 
somewhat lower than that of ACh alone, but higher than that of 
ASaCh alone. The fact that 630 for the hydrolysis of the mixture, 
120, was about the mean of the hydrolysis of the substrates 
separately, or (148 -f 88) = 118, goes to prove that the affinities 
of ACh and ASaCh respectively for the liver enzyme are the same. 
The additive effect in the mixture of ACh and TB indicated that 
in addition to the ChE this tissue contains an esterase splitting TB. 

5. Sefia ‘'liver^\ Two esterases are also present in the digestive 
gland ("liver”) of cuttlefish. One catalyses the hydrolysis of 
ACh, MeCh, ASaCh, and AAn. This is demonstrated in Fig. 35. 
AAn seems to have a high affinity for the enzyme, but is split at 
a low rate. Consequently, the rate of ACh hydrolysis was decreased 
by adding AAn; both these esters compete for the same active 
group(s) of the enzyme molecule. It will be observed that the mean 
of the rates of the separate reactions was 60.6, very near the value 



151 


CO 

CO 


bo 

K 




CO 


CO 


ti) 

S 


ti 

S 




11 — 4742^0 


Fig. 36. 


































152 


obtained in tbe mixture, 64. This seems to prove that the two 
substrates have about the same affinity for the enzyme. The 
hydrolysis of TB proceeded entirely independently of the destruc- 
tion of ACh and ASaCh respectively, thus indicating that another 
esterase acts on the triglyceride. Also ASa is split by an enzyme not 
identical with ChE. 

6. Helix- blood. The blood of the edible snail seems to contain 
an enzyme which splits ACh at a very high rate and other choline 
esters at low rates, in addition also A An . ASaCh reduced the 
hydrolysis of ACh to a very great extent which means that the 
affinity of ASaCh for the enzyme is greater than that of ACh. 
This is very clearly demonstrated in Eigs. 36 and 37. 

Fig. 37 shows the results of an experiment in which the reac- 
tions were allowed to proceed for a long time to give complete 
destruction of the substrates. Under the experimental conditions, 
the breakdown of ACh was ended in about 40 minutes when the 
amount of CO 2 evolved was equal to the calculated amount for 
complete destruction. In the presence of MeCh at the same time, 
the hydrolysis of this substrate started when ACh was completely 
used up, and went on more slowly than in the absence of ACh; 
this might be due to the inhibiting action of choline, formed in 
the hydrolysis of ACh. The relatively high affinity of ACh for the 
enzyme compared with that of MeCh explains the fact that MeCh 
was acted upon, only when ACh was completely destroyed. On the 
other hand, ACh and ASaCh in mixture were split simultaneously 
and at a rate which was between those of the two separate reac- 
tions. Both ester linkages of ASaCh are split, for the reaction 
went on after the calculated values for complete destruction of 
ACh and one of the linkages in ASaCh were reached. Then the 
hydrolysis approached slowly the theoretical value for the break- 
down of both linkages. 

7. Dari sac. Similar experiments have been performed with the 
dart sac. This tissue most probably contains one esterase, a ChE 
that hydrolyses ACh at a very high rate. It also destroys ASaCh 
at high rate and MeCh at low rate. Most probably the same en- 
zyme acts upon TB; in mixtures of ACh and TB no additive effect 
was observed. 

ACh was rapidly and completely split in an experiment, the 
results of which are shown in Fig. 38. In mixtures of ACh with 
MeCh and ASaCh respectively, the enzymic hydrolysis of the 
added ester started when ACh was almost completely used up. 
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Fig. 37. Total (enzymic + non-cnzymio) hydrolysis of ACh, McCh, ASaCJhi 
and mixtnroa of these substrates by Uclix blood (50 (ib). 

1. ACh; 2. MeCh; 3. ASaCh; 4. ACh + McCh; 6. ACh + ASaCh; 6. Non-enz^io 
hydrolysis of ACh and ASaCh rcspcotivoly; 7. Non-onzymio hydrolysiB of McCh* 
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Fig. 38. Total (enzymic + non-enzymic) hydrolysis of ACJi, MeCh, ASaCh, and 
mixtures of these substrates by the dart sac (60 mg.). Key as in Fig. 37. 


Both ester linkages of ASaCh were split: in the mixture of ACh 
and ASaCh, when the reaction had stopped, the amoxmt of CO, 
evolved (546 p.l.) equaled almost exactly the sum of the calculated 
values (543 p.l.) for complete destruction of ACh (246.5) and both 
ester linkages of ASaCh (296.5). The rate of hydrolysis was slowed 
down greatly with time of reaction, and it is assumed that the 
choline-ester linkage in ASaCh was spht at a higher rate relatively 
to the acetyl-ester linkage, the slow breakdown of which was 
shown by the low rate of hydrolysis in later periods. This falling 
off of reaction velocity was most probably also due to the in- 
hibiting action of choline, formed during the hydrolysis (see 
Chapter X). 
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C. SuMMAEY OP Chapter XII 

The enzymic hydrolysis of mixtures of substrates were deter- 
mined. vSucli experiments demonstrated that in some cases a 
mixture of enzymes is present; in other cases one enzyme was 
found to split choline esters as well as ' non-choline esters. 

Vertebrate blood plasma contains in most cases a non-specific 
ChE splitting choline esters and TB as well. In erythrocytes, brain, 
Labrus- and Sepia- liver two esterases are present, a specific ChE 
and an esterase acting upon TB, and, as was shown in the case 
of Sepia “liver”, also ASa. In all cases ACh is split at the highest 
rate by the specific ChE, but it seems not always to have the highest 
affinity for the enzyme. Thus ASaCh has a higher affinity for 
the iTeKx-blood ChE than has ACh, but the first substrate is. 
split at a relatively lower rate than ACh. A similar observation 
has been made for the ChE activity of Sepia “liver” in the hydro- 
lysis of ACh and A An. 
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Chapter XIII 
DISCUSSION 

Since the brilliant researches of Otto Loewi and Henry Dale 
the interest in ACh has been ever growing. The role of ACh in 
nervous activity is one of the most debated problems in physiology. 
The chemical reactions connected with the function of the nervous 
system have attracted general interest and much information about 
this function has been obtained by studying the enzymes in- 
volved. One of these biocatalysts is cholinesterase, the extremely 
active enzyme system required for a rapid inactivation of free 
acetylcholine. 

The enzymic hydrolysis of ACh was at first studied chemically 
using blood serum as enzyme source. When it was shown that it 
is unlikely that serum contains a specific ChE, other animal ester- 
ases were investigated for their specificity in splitting ACh. In 
these studies it was demonstrated that the ChE activities of 
various sources are not identical and then the hypothesis arose 
that two types of ACh-splitting enzymes exist. 

Information about the characteristics of the ChE action, how- 
ever, is not sufficiently complete to permit this "t3q)e theory” to 
be regarded as an exhaustive interpretation of the ChE problem. 
It has been shown for certain that ChE is not a single entity 
with identical properties irrespective of the enzyme source. 
The data in this paper as well as those obtained by other investi- 
gators clearly indicate this. The activity differs in a given species 
from tissue to tissue, as well as in a given tissue from species to 
species. Such differences are easily understood if we remember 
that the substrate specificity probably depends upon the protein 
component (apo-enzyme) of the enzyme molecule and that this 
component may greatly vary from tissue to tissue. In blood 
serum, for instance, the apo-enzyme presumably is an albumin; 
in the erythrocytes, on the other hand, where the ChE has been 
shown to be bound to the cell membrane, lipoproteins most prob- 
ably constitute the apo-enzyme. It is supposed that this is also 
true for the ChE of motor o id-plates, nerve fibres, ganglion cells. 



and glands, and that the enzyme of the nervous system is bound 
to the cell structure. Hence, the blood cell ChE should be much 
more like the nerve esterase than the serum esterase. The data 
reported in this paper clearly indicate the identity of the ACh- 
splitting enzymes in erythrocytes and brain. This ChE has been 
regarded as specific for ACh which was found to be hydrolysed at 
•a higher rate than any other ester. Apart from this “specific” 
ChE, an other esterase exists, e.g., in serum, which hydrolyses 
ACh and ordinary esters (e.gr., tributyrin) as well. The properties 
of this enzyme, regarded as a “non-specific” ChE, are not similar 
to those of the “specific” ChE. The ChE of other tissues are in 
certain cases more like the “specific” ChE, in others more like 
the “non-specific” one, and in still others a mixture of esterases 
is likely to exist. 

The methods proposed for distinguishing various choline-ester 
splitting esterases, such as the use of acetyl-/S-methylcholine and 
benzoylcholine or other arbitrarily chosen choline esters, may be 
valuable in certain respects, but they would not be sufficient to 
support a satisfactory classification of such enzymes. It has been 
demonstrated above that the substrate concentration must be 
considered in comparing the ChE activities towards various esters. 
Thus the activity-substrate concentration relationship differs for 
a given enzyme from substrate to substrate. Eor this reason, 
one of two esters, which are acted upon by the same enzyme, ma}’' 
be split at a higher or lower rate than the other depending on the 
substrate concentration used. For instance, the “specific” ChE 
of erythrocytes and brain split ASaCh at a lower rate than ACh 
at low substrate concentrations, but at a higher rate when the 
substrate concentrations are high. It has also been shown that 
this enzyme hydrolyses the acetyl-ester linkage in ASaCh and 
therefore the term “specific” ChE is not adequate. In a recent 
paper, moreover, Bodansky (1946) has reported that triacetin 
is split by this enzyme more rapidly than ACh.’- A strict classifi- 
cation of choline-ester splitting enzymes therefore cannot be 
made on the basis of such experiments. Further criteria of ChE 
action must be considered in order to obtain a satisfactory picture. 

Joining in the suggestion of Eichter and Croft (1942) and 
Bodansky (1946), the present author regards the cholinesterases 

^ No iDformaticn regarding the triacetin concentration used -was reported. — 
This paper of Bodansky came to the author’s notice only when the experimental 
part of this work was accomplished. 
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as a "family” of related enzymes with widely divergent properties. 
The following classification of these enzymes is proposed in the 
light of recent findings. It is based on the acti\dty-substrate con- 
centration relationship for the enzymic hydrolysis of ACli, which, 
in the author’s opinion, gives the most characteristic feature for 
making possible a satisfactory classification of such enzymes in 
two distinct groups. Group I is characterised by the inhibition 
of ChB. activity at high ACh concentrations. The enzymes of Group 
II foUow the J\Iichaelis-Menten formulation which means that 
their activities are maximal only at infinite substrate concentra- 
tion. The properties of the members within each group may then 
differ in certain other respects. 

Growp I includes the cholinesterases of the nervous system, 
erythrocytes, Helix blood, and Sefia “liver”, studied in the present 
investigation. These enzymes display optimum activity at about 
3 X ACh. Triburytin is not split by them, but the speci- 

ficity towards choline esters is not an absolute one. The optimum 
substrate concentration in the hydrolysis of MeCh is not always 
the same as in the hydrolysis of ACh. Clupeine causes a shift of the 
optimum substrate concentration in the hydrolysis of ACh to higher 
concentrations. The ChE of erythrocytes and brain are identical, 
but differ in certain respects from the HelixAAoodi ChE and the 
“liver” ChE. Such differences have been observed in the 
actions of choline, caffeine, and quinine, and in the ability to 
split various esters. The HelixAAood. ChE is characteristic of its 
high activity towards AAn. The shark-plasma ChE also belongs to 
Group I, but seems not to be identical with the other members 
of the same group. 

Group 11 includes the choline-ester splitting esterases of certain 
sera (e.g., man, horse) and of the dart sac {Helix pomatia). These 
esterases also split tributyrin. In the hydrolysis of BzCh and 
ASaCh respectively the serum ChE activity is inhibited by excess 
of substrate. This is not the case with the dart-sac ChE which 
splits BzCh at a relatively low rate. Clupeine inhibits the serum 
ChE, but not the dart-sac enzyme. The serum ChE is competitively 
inhibited by choline, but not the dart-sac esterase. Quinine in- 
hibits both types of ChE non-competitively. 

It is ob%nous that the definition of cholinesterases (“specific” 
and “non-specific”), given in the General Introduction (p. 1), 
must be revised. As far as ACh is the only choline ester chemically 
identifiable in animal tissues, the hydrolysis of this ester may be 
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taken as a prototype of reactions in which. ChE' are catalysts. 
Cholinesterase may then be defined as an esterase which 
at ofiimum conditions hydrolyses AGh at a higher rate than any 
other ester. These optimum conditions in the hydrolysis of AGh 
are a -priori not identical with those prevailing in the hydrolysis 
of other esters. When, for instance, the substrate concentration is 
arbitrarily chosen in the enzymic hydrolysis of a choline ester or 
a non-choline ester, the optimum conditions are not the same as 
those of the hydrolysis of ACh, the rate of reaction may be lower,, 
the same, or even higher than that of the ACh hydrolysis. 'When 
an ester is split at a higher rate than ACh at the optimum con- 
ditions of the hydrolysis of the latter, the reaction is not catalysed 
by a ChE. Consequently, the high rate of BzCh hydrolysis in the 
action of guinea-pig liver, for instance, is not due to a ChE; that 
this reaction is not due to a specific “benzoylcholine esterase” is 
demonstrated above. 

It is important to keep in mind the great differences in ChE 
activities of various sources, when elucidating the physiological 
significance of this enzyme. The relation between ChE activity 
and various pathological conditions has been studied concerning 
mainly the activity of blood serum. This enzyme most probably 
does not play any essential role in the regulation of nervous 
activity and it is not justifiable “von der ChE des Serums auf 
pathologische 'Vor gauge in der funktionellen ACh-Hydrolyse zu 
schliessen” (Schaefer, 1947). The variation of the serum-ChB 
activity, however, may possibly help in the search for factors- 
governing the state of the serum proteins. Thus the formation of 
serum albumin seems to parallel that of serum ChE, the activity 
of which is considered as a test of liver function. Moreover, 
McCance, Widdowson and Hutchinson (1948), in a recent 
paper, have reported that the level of the serum ChE is a very 
useful index of the state of nutrition and that alterations in diet 
exert a considerable influence on this activity. 

It is also important to know that the ChE of erythrocytes and 
brain have much higher activities at low than at high ACh con- 
centrations. Consequently, these enzymes are considerably more 
active at the physiological ACh concentrations than serum ChE, 
a fact of great value in elucidating the role of the ACh-ChE 
system. The optimum substrate concentration can be changed 
by adding certain substances; in the presence of the strongly 
basic clupeine, for instance, higher ACh concentrations are needed 
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to obtain optimum enzyme activity, and the negatively charged 
gum arabic has the opposite effect. The affinity of the positively 
charged ACh ion for ChE may be proportional to the negative 
charge of the enzyme. Hence, with increasing negativity the op- 
timum conditions are changed to lower substrate concentration, 
that is, the conditions are being physiologically more suitable. 
The author is inclined to suppose that such a change in ChE 
activity occurs during nervous activity. In depolarisation, the 
neuronal surface becomes negative and since ChE is concentrated 
exclusively at this surface, the enzyme activity will be optimal 
at lower ACh concentrations. This possibly explains the fact, 
demonstrated by Hachmansohn et at, that a quantitative par- 
allelism exists between the voltage of action potential and the 
“concentration” of ChE. It is not necessarily the concentration, 
but the state of optimum conditions of ChE action, that parallels 
the voltage, and this change in optimum condition is merely a 
secondary event caused by the depolarisation of the neuronal 
surface. 
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GENERAL SUMMARY 

The object of the present investigation was to compare chemi- 
cally the cholinesterase activities of various animal tissues and to 
attempt a more general- classification of such enzymes. The ex- 
perimental results have been summarised at the ends of Chapters 
VII, IX, X, XI, XII (pp. 92, 124, 138, 147, 155). In the separate 
summaries more detailed information will be found. 

The physiological significance of cholinesterase has been briefly 
discussed (Chapter I) in connection with the most prominent 
features of the physiological and pharmacological effects of acetyl- 
choline and the role of the system acetylcholine-cholinesterase in 
the chemical mechanism of nervous activity. A condensed review 
of the literature concerning the distribution of cholinesterase in 
different tissues and different groups of animals has been compiled. 
The possible correlation between the concentration of cholinester- 
ase and various pathological conditions has claimed considerable 
attention, but the mass of data obtained by various groups of 
investigators, in most cases, has not allowed of any conclusion as 
to such a relationship. 

The previous literature on the chemistry of cholinesterase has 
been exhaustively reviewed (Chapter II), concerning the specificity, 
the proposed synthesising action, various methods of activity 
determination, units used in expressing cholinesterase activity, 
methods for purifying the enzyme, the chemical nature of cholin- 
esterase, and physical and chemical factors influencing its ac- 
tivity. 

In the present investigation the cholinesterase activity has been 
determined manometricaUy by the Warburg technique. A 
detailed account of the method used has been reported (Chapter 
III). 

The following substrates (Chapter IV) have been employed: 
acetylcholine chloride (also the bromide and iodide), acetyl-jff- 
methylcholine chloride, carbaminoylcholine chloride, benzoyl- 
choline chloride, N-acetyl-p-aminobenzoylcholine chloride, salicyl- 
choline chloride, acetylsalicylcholine chloride, acetylsalicylic acid 
(Na-salt), tributyrin, and ethyl acetate. The enzymic hydrolysis 
of these substances have been compared using enzyme prepara- 



162 


tions from serum, erythrocytes, brain, muscle, liver, kidney, 
and intestine of various vertebrate animals, from different tissues 
of certain invertebrates, and from the blood of Helix and Spiro- 
grapliis. 

A detailed study has been performed on the non-enzymic hydro- 
lysis of the substrates as function of concentration (Chapter V). 
Both ester linkages in acetylsalicylcholine are split non-enzyjni- 
cally. 

The plasma of horse, man, guinea pig, and fowl contain cholin- 
esterase, horse plasma having the highest and fowl plasma the 
lowest activity (Chapter VI). The hydrolysis of benzoylcholine, 
salicylcholine, acetylsalicylcholine, and tributyrin run parallel 
to that of acetylcholine. Benzoylcholine is split at a higher rate 
than acetyl-/9-methylcholine; the reverse holds for the cholin- 
esterase of fowl plasma. Acetydaneurine is also split by the acetyl- 
choline-hydrolysing enzyme of plasma. Other esters are not or very 
little split. The plasma of cow and fish have very low cholin- 
esterase activity. 

The erythrocyte cholinesterase hydrolyses acetyl-/?-methyl- 
choline and acetylsalicylcholine at much higher rates than ben- 
zoylcholine. Tributyrin is split at a low rate by an esterase not 
identical with cholinesterase. Cholinesterase is bound to the cell 
membrane and can be precipitated together with the stroma 
by adding hydrochloric acid to pH 6.5 (horse). The enzyme goes 
into solution by treating the precipitate with lysolecithin. 

The blood of Helix pomaiia hydrolyses acetylcholine at a ^^ery 
high rate. The activity towards acetylaneurine is greater than 
towards acetyl-/9-methylcholine and acetylsalicylcholine. Other 
esters including benzoylcholine are split at low rates. The enzyme 
is precipitated at 50 per cent saturation with ammonium sulphate. 

The blood of SpirograpJds Spallanzani, which hydrolyses 
acetylsalicylic acid and acetylsalicylcholine at high rates, but not 
the simple choline esters, is supposed to contain a “salicylesterase”. 

The brain cholinesterase (mammals, fish) splits acetylcholine 
at a higher rate than other esters, and acetyl-/9-methylcholine at 
a higher rate than benzoylcholine. Acetylsalicylcholine is hydro- 
lysed at a higher rate than acetyl-/? -methylchdline. Other esters 
are not split. The hagfish brain has a low cholinesterase activity. 

The fish muscles have a stronger cholinesterase activity than 
most mammalian muscles. 

The liver-esterase acti\’ity differs greatly from animal to animal. 
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Esterases of higli activities towards acetylclioline split in most 
oases acetyl-^-methylcholine at a higher rate than benzoyl- 
oholine. Guinea-pig liver hydrolyses benzoylcholine, acetylsalicyl- 
oholine, and acetylsalicylic acid at high rates, and acetylcholine 
at a very low rate. 

Guinea-pig kidney splits acetylsalicylic acid at a higher rate 
than other esters studied; the choline esters are acted upon only 
slightly. The presence of a “salicylesterase” is assumed. The 
esterase acti\dty of intestine (guinea pig) resembles in many ways 
that of kidney. 

The air bladder of cod contains cholinesterase in low concentra- 
tion. 

The dart sac of Helix fomaiia has a very high cholinesterase 
activity and is composed of smooth muscles richly supplied with 
nerve fibres. 

The “liver” of cuttlefish {Sepia officinalis) contains cholin- 
esterase with high activity towards acetylcholine. 

Low cholinesterase concentrations have been foimd in the 
muscles of spider crab {3Iaia squinado), different parts of Balano- 
qlossus clavigerus, and the nerve-net containing parts of the 
anemone Sagartia parasitica. 

Cholinesterase activity is absent in unfertilised sea-urchin eggs 
{Paracentrotus lividus). At stage 20 hours there is a rise in activity 
which grows steeper as it progresses to high cholinesterase values 
of the stage 48 hours. The hydrolysis of acetyl-/9-methylcholine 
parallels that of acetylcholine. Unfertilised eggs split tributyrin, 
acetylsalicylic acid, and acetylsalicylcholine by the action of an 
esterase distinct from cholinesterase. The low esterase activities 
of the stage 65 hours are probably due to an involution. 

Bee venom has no cholinesterase activity, but inhibits horse 
serum cholinesterase. 

The kinetics of various cholinesterase reactions vary to a great 
extent (Chapter VII). The enzymic hydrolysis of acetylcholine as 
a, first-order reaction is true only under certain definite limited 
conditions. In most cases at relatively high substrate concentration 
and low cholinesterase concentration the amount of substrate 
hydrolysed is proportional to time within the 40—60 minute period. 

Direct proportionality between reaction rate and cholinesterase 
concentration has usually been obtained (Chapter VIII). 

A comprehensive study has been performed on the activity- 
substrate concentration relationships for a variety of cholin- 
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esterase-substrate combinations, also in a medium containing 
various substances (pbysostigmine, potassium cHoride, clupeine, 
gum arabic) (Chapter IX). The theory of this relationship has been 
discussed applying the Michaelis-Haldane interpretation. 

Horse serum cholinesterase, acting upon acetylcholine, gives a 
familiar dissociation curve (Xg = 3.2 x 10~^). The hydrolysis of 
benzoylcholine and of acetylsalicylcholine are depressed by excess 
of substrate (optimum substrate concentration 1.0 x 10~* M). 
The cholinesterase activities of erythrocytes (cow, horse) and 
brain (dog) have an optimum at 2.88 x 10“^ -M and 3.55 x 10~^-M 
acetylcholine respectively. Also the hydrolysis of acetyl-/?- 
methylcholine is depressed by high substrate concentrations, but 
acetylsalicylcholine gives familiar dissociation curves for both 
esterases. The cholinesterases of Se'pia "liver” and Helix blood 
resemble those of erythrocytes and brain regarding activity- 
substrate concentration relationships. The cholinesterase activity 
of the dart sac is not depressed by high acetylcholine concentra- 
tions. h'amiliar dissociation curves have been obtained in the 
hydrolysis of benzoylcholine and acetylsalicylcholine by guinea-pig 
liver and of acetylsalicylcholine by cow kidney. 

Pbysostigmine inhibits strongly the cholinesterase activity at 
aU substrate concentrations. The hydrolysis of tributyrin by 
horse serum is also inhibited. Physostigmine inhibits only slightly 
the hydrolysis of benzoylcholine by guinea-pig liver and cow 
kidney, and has no influence on the tributyrinase activities of 
erythrocytes (cow) and brain (dog). Potassium chloride has no 
or very weak action on cholinesterase activity. Clupeine inhibits 
cholinesterase competitively and does not influence the esterases 
of guinea-pig liver and the dart sac. Gum arabic activates slightly 
the cholinesterase activity in certain cases. 

Choline inhibits competitively the cholinesterase activities of 
horse plasma, cow erythrocytes, dog brain, and Helix blood (at 
low acetylcholine concentrations) (Chapter X), The dart-sac 
cholinesterase is inhibited by choline non-competitively. The 
enzymic hydrolysis of tributyrin is depressed very slightly in all 
cases studied, so also the hydrolysis of benzoylcholine and acetyl- 
salicylcholine by guinea-pig liver and cow liver. 

Methylene blue inhibits strongly cholinesterase activity in all 
cases (Chapter XI). Caffeine and neurine inhibit the cholinesterases 
of erythrocytes and brain more strongly than those of horse 
serum. Helix blood, and the dart sac. Quinine is a more potent 
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non-competitive inhibitor of the latter esterases than of the 
former; the Eelix-hloodL cholinesterase is activated by quinine 
of low concentration. Cystine activates weakly the cholinesterases 
of horse serum and Helix blood, but this compound generally has 
no influence on cholinesterase activity. 

Experiments with mixtures of substrates (Chapter XII) have 
demonstrated that the plasma of horse and guinea pig each 
contain a cholinesterase which splits choline esters and tributyrin 
as well. The cholinesterases of erythrocytes, brain, Lahrus- and 
/Sepia-liver are distinct from the esterases splitting tributyrin. 
Acetylsalicylcholine depresses the rate of acetylcholine hydrolysis 
by Helix blood. 

The cholinesterases are regarded as a “family” of related enzymes 
with widely divergent properties (Chapter XlII) and defined as 
esterases which at optimum conditions hydrolyse acetylcholine at 
a higher rate than any other ester. A classification of such enzymes 
in two distinct groups is based on the activity-substrate con- 
centration relationships. Growp I is characterised by the inhibition 
of cholinesterase activity at high acetylcholine concentrations 
(optimum substrate concentration 3 X 10~“ M) and includes the 
esterases of the nervous system, erythrocytes. Helix blood, and 
Sefia “liver”. The cholinesterases of brain and erythrocytes are 
identical, but differ in certain respects from the other members of 
the same group. The cholinesterases of Growp II have maximum 
activity at infinite acetylcholine concentration and occur in 
certain sera and in the dart sac of Helix. The properties of these 
enzymes also differ in certain respects. The specificity towards 
choline esters is in neither group an absolute one. 

The physiological significance of this new conception of acetyl- 
choline-splitting enzymes is discussed briefly. 
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APPENDIX 


Diagram of Tabular Form used for Recording Experimental Data 

(Seo p. 37) 
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